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Reflection-type hybrid coupled PIN diode digital phase 
shifters find several applications in microwave systems. Invest- 
igations reported in this thesis are aimed at (i) evolving design 
procedures for various 180° and 90° phase shifter circuits of 
this kind for a given set of diode parameters, (ii) comparison 
of these circuits, and (iii) their optimization to attain best 
performance taking into account, various discontinuity reactances 
contributed by microstrip circuitry. 

The study reported here begins with exploring as to which 
parameters of the hybrid play critical role in phase shifter 
behaviour. The most important hybrid parameter for phase shifter 
performance is the directivity. It is found that a directivity 
of 20 dB in a 90° hybrid can cause, in the worst case, an input 
VS¥R of the phase shifter to be 1.56, an insertion loss of 0.215 c 
and a phase error as high as + 22*8°. An inequality of 1.0 dB in 
amplitudes of the two signals at the coupled ports of the hybrid 
can increase the input VS¥R of the phase shifter to 1.26, but 
does not contribute to any phase error (0_)* 
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Performance of phase shifters using ideal 180° and 90° 
switches allows one to study phase shifter circuits independent 
of PIN diode characteristics and thus enables one to investigate 
the limitations in performance imposed by the characteristics 
of the hybrids. Five types of hybrids have been considered. 
Results of this study point out the need of designing the trans- 
forming networks such that the two impedances, seen by the 
hybrid in the two bias states of the diode, are placed symmetri- 
cally on two sides of the X=0 axis on the Smith chart. For 
180° phase bits using two-branch and rat-race hybrids, this is 
achieved by inserting an interconnecting line length of ^/8 
between the switches and the hybrid ports. Phis results in 
maximum bandwidth of the phase shifter. Corresponding line 
length for the 90° phase bit is X/16, Phase bits using three- 
branch hybrids are found to give maximum bandwidth for zero 
line length. 

The design of phase shifters using nonideal diodes is 
essentially the design of the transforming network to achieve 
the desired phase shift at the centre frequehcy and minimum 
phase error over the band of frequencies. Closed form design 
equations are derived for the design of three types of trans- 
forming networks, namely: (i) single line length (to be used 
with impedance transfoiming hybrid), (ii) quarter wave trans- 
foimer and (iii) a single stub. 



xviii 


Performances of phase shifters using three types of 
transforming networks with two-hranch, three -hranch and rat-race 
hybrids are evaluated. Bandwidths for various designs have been 
computed for two specifications of bandwidth and for wide range 
of diode reactances. Insertion losses for the above designs 
have also been calculated. It is observed that in most of the 
cases wide bandwidth is obtained when the forward bias reactance 
of the diode is large and the reverse bias reactance is 
small. Circuits using two-branch impedance transfoming hybrid 
give lowest loss and have smallest size when compared to the 
other circuits considered. 

Another aspect analyzed is the effect of variations in 
diode parameters on phase lifter performance. This study is 
useful in specifying the tolerances in diode parameters for 
given performance characteristics of the phase shifter. Sensi- 
tivities of differential phase shift ( A 0) with respect to 
diode reactances for 180° and 90° phase bits have been evaluated 
for the three types of transforming networks. It is found that i 
tighter tolerances in diode capacitances are needed for 90° ; 

bits than for 180° bits. It is observed that the effect of 
diode resistances Rj, and R^ on the phase shift is small as 
compared to that of the reactances. Hence, the design equations; 
derived by ignoring diode losses, may also be used for lossy ; 
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diodes. Phase shifter performance using mismatched diodes is 
more sensitive to the inequality of the phases of the two 
reflection coefficients of the phase shift netwoiks , than that 
in their magnitudes. 

fhere is a significant effect of microstrip discontimity 
reactances on the phase shifter performance. A 180° phase bit 
using two-branch hybrid and single stub type of transforming 
network ( = 2,53 and substrate height = 0.0625 inch ) gives 

a differential phase shift of 190° instead of 180°. Compens^ < 
tion of these discontinuities (mainly contributed by T-junctions) 
is carried out by an optimization process. The optimized phase 
shifter gives slightly wider bandwidth than an ideal circuit 
without discontinuities. Both 180° and 90° optimized phase 
bits have been fabricated. Diodes used were characterized 
experimentally. The theoretical and experimental results are 
found to agree within the specified tolerance of the diele- 
ctric constant of the substra.te. 
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CHAPTER 1 
IHTRODUCTION 


1.1 PHASE SHIPPERS 

An ideal phase shifter is a two-port circuit element 
whose insertion in the network changes the phase of the 
transmitted signal by the specified amount and does not 
introduce any loss. 

In general, the phase shifters have been discussed by 
several authors [1-'4] . Tree shown in Pig. 1*1 represents a 
classification of phase shifters. A phase shifter can be either 
digital which provides discrete phase shift values or analog 
(which provides a continuously variable phase shift). The 
digital phase shifters have found wider application because of 
their compatibility with the digital driving circuitry and the 
computer control. These phase shifters can be designed using 
ferrites or semiconductor devices such as PIE diodes. Phase 
shifters using semiconductor devices can be divided in two ; 

general groups: the transmission-type and the reflect ion- type, j 

[ 

The phase shift in a transmission-type phase shifter is obtained! 
due to the difference in phase angles associated with the 
transmission coefficients of a two-port network obtained in 
two states of the diodes therein. In reflection-type phase 
shifters the phase shift is due to the difference in phase 
anglesassociated with the reflection coefficients in the two 
states. The transmission type circuits currently used are: 


1 ' 
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switched line, loaded line and high pass-low pass type. The 
reflection type phase shifter circuits may use a circulator 
or a hybrid. The most commonly used reflect! on -type phase 
shifters employ 3 dB hybrids. Reflection phase shifter using 
circulator or 3 dB hybrid can be either a switched length 
type or a switched reactance type. Switched length type uses a 
short circuited or a open circuited line behind the diode 
depending on whether the diode is shunt mounted or series 
mounted. Switched reactance type use no transmission line 
length behind the diode. In this case, a suitable transforming 
network is used before the diode to obtain the desired phase 
shift. 

One of the most important application of phase shifters 
is in phased array antennas. Conventional radar antennas have 
high inertia and it is difficult to change back and forth 
between rotating search-scan and relatively less mobile 
track-scan operations. An electronically controlled beam 
steering can provide inertialess scanning. One of the methods 
for steering the beam electronically in a Phased Array Radar 
(PAR) is by changing the phase of the RP power fed to each 
radiating element in a phased array antenna. This phase 
relationship determines the direction of the radiated beam. 

A single PAR may require thousands of small sized, highly 
reliable and low cost phase shifters. 

The phased array antennas in lAR are used both for 
transmitting and receiving the signal. Therefore, the phase 



5 


shifters have to he reciprocal. Since the array is switched 
with the help of an electronic computer, phase shifters with 
very low switching times (< 1 psec) are required. Digital 
phase shifters are more suited to this applicaticai than analog 
ones, since an electronic computer can drive digital phase 
shifters directly while D/A converters are required to drive 
analog phase shifters. It is difficult to get a linear 
relationship between the control voltage and the phase shift 
in analog phase shifters. Also, the variable capacitance of 
the diode used causes harmonic generation resulting in inter- 
modulation products. 

In ferrite phase shifters, a change in magnetic permea- 
bility due to application of biasing magnetic field is respon- 
sible for the phase shift. In phase shifters using semicondu- 
ctor diodes, the phase shift is obtained due to change in phase 
values associated with reactances in two bias states of the 
diodes. Thus, these two classes of phase shifters are based 
on entirely different principles* Development of one class 
does not require any knowledge of the other. In this thesis, 
only a particular type of the diode phase shifters have been 
investigated. 

Work on semiconductor diode phase shifters for phased 
array antennas started in late 1950’sf^ 5 ] * I'IN diodes were 
used as the control elements. Switched line phase shifters 
were reported in 1957 [6] . The reflection phase shifters [7] 
appeared in 1959* The concept of loaded line phase shifters 
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emerged in 1959 [8] . Ilie high pass - low pass phase 
shifters [9] were reported only in 1970. Daring early days 
of their development, cost of these phase shifters was hi^ 
due to expensive diodes and costly circuit fabrication 
using machined parts. Over the years the diode performance 
has been improved and with the introduction of batch proce- 
ssiiag techniques the costs have also gone down significantly. 
At the same time, circuit designers have adopted planar trans- 
mission lines such as microstrips, striplines, etc. Circuits 
using these lines, apart from having low cost, have other 
advantages too, such as high reliability, miniaturization and 
compatibility with large scale production. 

1 .2 REFLECTION TYPE PHASE SHIFTERS 

In reflection type phase shifters, phase shift results 
from the change in reflection coefficient at the termination 
of a line. A transmission line terminated by a PIN diode 
(switching between the forward and the reverse bias states) 
acts as a one port reflection phase bit. To make it a useful 
phase shifter circuit, the incident and reflected signals 
must be separated. This separation of signals can be done 
by using a circulator or a hybrid. Phase shifters using 
hybrids are more popular because of the absence of ferrite 
material and magnet needed for circulator ccupled phase 
shifters. The investigations reported in this thesis are 
restricted to this class. 
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There are two approaches available for the design of 
reflect! on -type phase shifters. One of the approaches uses 
a shorted length of the line behind a shunt mounted diode [ 10] 
or an open-ended length of the line behind a series mounted 
diode as shown in Pig. 1.2(a). The other approach uses PIN 
diodes connected at the end of the transmission line [ 11-13] 
as shown in Pig. 1.2(b). Phase shifters based on the second 
approach yield wider constant-phase bandwidth- This thesis 
considers hybrid coupled reflection phase shifters using the 
second design approach. 

If ideal PIN diodes are connected to the coupled ports 
of a hybrid, the two impedances in forward and reverse bias 
states differ in phase by 180® and a differential phase shift 
of 180® is obtained from the phase bit. In order to get 180® 
phase shift from imperfect diodes as well as to get lower phase 
bits, a suitable network between the hybrid port and the diode 
is needed. These networks are termed as transforming networks, 
since they transfoim the diode impedance to the desired value 
at the hybrid ports. 

Hybrid coupled reflection type digital phase shifters 
using PIN diodes connected to the ccupled ports of the hybrid 
without length of line behind the diode have been studied by 
various researchers [11-1 6] . Circ\iits with five different 
types of transforming networks have been reported in literature. 
Two out of these networks use lumped elements only. G-arver 
[2,10,11] has described a circuit using lumped elements L and C 
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along with the diode. Basic design parameters and constants 
are optimized to get the desired phase error for the given 
phase hit. The other design given by Burns and Stark [4»12] 
is known as series and parallel resonant type phase shift 
network. It involves addition of tuning elements to obtain 
alternately series and parallel resonance in the two bias 
states. The third type, named as transfoimed LC is described 
by White [ 3] . This uses both lumped and distributed circuit 
elements. Fourth type of network [ 19 ] uses single length of 
transmissi on line. The fifth type of transforming networks 
[20,1 6] uses stubs (single stub or double stub). Design for 
180° bit using a single stub network has been discussed 
in [ 20] . 

Networks using transmission lines alone have become 
more popular for modest bandwidth phase shifters (less than 
20 percent). Closed form expressions for the design of these 
networks (various line lengths and impedances) for a given set 
of diode parameters are not available in the literature. Design 
of loaded line phase shifters for obtaining minimum insertion 
loss, maximum bandwidth and minimum size are available [17] • 
Similar information on hybrid coupled reflection phase shifters 
is not available. 

It is desirable to know effects of diode parameters on 
phase shifter performance. This helps in selection of diodes 
and evaluation of the tolerances required on their parameter 
values* Effect of diode parameters on reflection ■tQrp®-‘phase 
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shifters using first design approach (i.e. shorted or open 
transmission line length behind the diode) are included in 
[18]. Similar effects on the reflection phase shifters using 
the second design approach have not been studied. 

Because of the discontinuity reactances contributed 
by the microstrip circuitry, one never obtains the desired 
phase shifter performance even at idle centre frequency. Optimum 
design of phase shifters is not possible unless these discon- 
tinuit', reactances are compensated either by an analytical 
approach or by computer optimization. The effect of junction 
reactances on reflection phase shifters and their compensation 
has not been discussed in the available literature. 

1.3 OUTIIHE OF THE THESIS 

The material in the rest of the thesis is divided into 
seven chapters. 

Chapter 2 discusses the importance of hybrid parameters 
in the design of phase shifters. Scattering parameters of the 
phase shifters using 90 ° and 180° hybrids are evaluated in 
terms of the scattering parameters of the hybrid and the ref- 
lection coefficients of the phase shift network (transforming 
network and diode) . These expressions are used to find the 
effect of hybrid parameters (for 90° hybrids) on the phase 
shifter performance. Hybrid parameters are found to affect 
the performance of reflection phase shifters significantly. 

The most important hybrid parameter in this connection is the 



1 1 

directivity (and hence the input VS¥R). Results of this study 
are useful in specifying the performance of hybrids for use in 
reflection type phase shifters. 

In Chapter 3> the performance of phase shifters using 
ideal switches with various types of hybrids (2-branch, 3~branch, 
rat-race parallel coupled and tandem connection of parallel 
coupled hybrids) is evaluated. Modest bandwidth phase shifters 
using 2-branch, 3~branch and rat-race hybrids are studied in 
detail for their bandwidth. It is observed that a suitable 
line length between the hybrid port and the diode maximizes the 
bandwidth of the phase shifter. This happens when the two 
impedance points in the two states of the ideal switch are 
located symmetrically about X=0 axis on the Smith chart. I'or 
each phase bit (other than the 180° bit) two sets of such points 
are available which give maximum and nearly equal bandwidths. 

Ror the 180° bit, there is only a single design. 

Chapter 4 deals with the design of reflection phase 
shifters using non-ideal diodes. Closed form design equations 
are derived for three types of transforming networks namely, 

(i) single line length (to be used with impedance transforming 
hybrids), (ii) quarter wave transformer, and (iii) a single 
stub. These design equations also include the design of suitable 
line length between the hybrid port and the diode which maximi- 
zes the bandwidth. Resign curves giving transmission line 
lengths and impedances of the transforming network for the 
given diode reactances are also included. 
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Performance of reflection phase shifters using three 
types of transforming networks (discussed in Chapter 4) with 
two~branch, three-branch and rat-race hybrid is discussed in 
Chapter 5. Bandwidths for various designs are computed for 
two specifications of the bandwidth and for wide range of 
diode reactances. Insertion losses of phase shifters for the 
three types of transforming networks are also evaluated. 

Optimum design of these circuits for obtaining minimum circuit 
size, minimum insertion loss and ma3cimum bandwidth are 
discussed. Based on these considerations a comparison between 
various types of circuits is presented for typical diode 
characteristics. 

Chapter 6 describes the effect of variations in diode 
reactances and diode resistance on the performance of reflection 
phase shifters of the type discussed in this thesis. Designs 
with three types of transforming networks are considered. Also, 
the effect of mismatched diodes on phase shifter characteristics 
is evaluated. The study of this chapter is useful in predicting 
the maximum deviations in diode parameters which can be 
tolerated for the given specifications of a phase bit. This 
study also brings out the critical diode parameters affecting 
the phase shifter performance. 

Chapter 7 discusses the effect of discontinuity 
reactances and the optimization of phase shifter circuits. 
Performances of typical 180® and 90® bits are evaluated* 

Junction reactances are considered by making use of the 



available characterization for the microstrip line disconti- 
nuities encountered. It is noted that the discontinuities 
affect the performance significantly. Compensation of these 
discontinuities is carried out by optimization. First the 
hybrid is optimized separately. It is observed that the 
hybrid performance achieved after optimization is found to be 
better than that of the standard hybrid without junction 
reactances. For optimizing complete phase shifter iiypical 
180® and 90® bits are considered. While optimizing the complete 
phase shifter, it is observed that better optimum results are 
obtained if both hybrid and transforming network parameters 
are made variable, instead of optimizing transforming network 
alone. Both 180® and 90° phase bits (using optimized design) 
have been fabricated using microstrip transmission lines on 
Rexolite substrate (c^, = 2.53). Diodes used have been chara- 
cterized by measuring their impedances in tbe two bias states. 
The theoretical and experimental results are found to agree 
within the specified tolerance of the dielectric constant of 
the substrate. 

The last chapter summarises the major conclusions of 
this investigation. Suggestions for further work are also 
listed in this chapter. 
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CHAP'IBR 2 

ROLE OP HYBRIDS IH RSFLBCIIOMYPi!; 

PHASE SHIPPERS 

As mentioned in Chapter 1, there are two design 
approaches shown in Pig. 1.2 for reflection-type phase 
shifters. Hybrid coupled reflection-type phase shifters 
with PIN diodes connected at the end of the transmission 
lines are considered in the present study. Expressions for 
the scattering parameters of the phase shifters using 
general 90° and 180° hybrids are derived in terms of the 
scattering parameters of the hybrid and the reflection 
coefficients of the phase shift networks. Ihese expressions 
are used to evaluate the effect of hybrid parameters on 
reflection phase shifters. 

2.1 HYBRID COUPLED PHASE SHIPPER CIRCUITS 

A hybrid ( 3 dB coupler) coupled reflection-type 
phase bit consists of a 3 dB coupler with identical termi- 
nations using PIN diodes at two coupled ports as shown in 
Pig. 2.1. One may use either a 90° or a 180° hybrid. Itftien 
two PIN diodes are connected to the coupled output ports of 
a 90°, 3 dB coupler, power coupled to these ports is 
reflected from the diodes and comes out at the normally 
isolated port of the coupler. If 180°, 3 dB coupler is used. 
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an extra X/4 transmission line length is added to one of the 
coupled ports as shown in Fig. 2.1(b). Due to an extra line 
length of x/4 the terminating impedances as seen at the port 
locations become Z and 1/Z, xhe reflection coefficients at 
these ports have opposite signs and the reflected signals 
reaching the isolated port of the coupler are in phase and 
hence they combine. 

2.1.1 Phase Shifters Ifeing 90^ Hybrids 

90° hybrids are widely used for reflection phase 
shifters. Fost common forms of these hybrids in waveguide 
configuration are short slot or narrow wall coupler, top 
slot or broad wall coupler and branch guide couplers. In 
stripline or microstrip configuration the most common form.s 
are branch line and parallel coupled couplers. Due to size 
and wei^t advantage, microstrip or stripline configurations 
are preferred over waveguide couplers for phase shifter 
applications . 

Figure 2.2(a) shows a block representation of a 90° 
hybrid coupler. Using symmetry considerations, the scattering 
matrix of the coupler may be written as 


" 
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^11 ^21 ^31 ^41 


^1 
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^21 ^11 ^41 ^31 
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^51 ^41 ^11 ^21 
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A reflection phase bit can be designed by tersiinating coupled 
ports into identical reflection coefficients r* J'ig* 2.2(b) 
shows the arrangement of this phase shifter bit, Ihen the 
Bqn. (2.1) may be written as 



"Sil 

®21 

3 31 

“41 


“ ^ 1 " 
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^21 

Sll 
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S 3 I 


r b^ 
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the scattering matrix for the phase shifter would be 
a 2x2 matrix, which can be obtained by eliminating the wave 
variables b^ and b^ in Bqn. (2.2) and can be written as 


S 


lip 


41p 


'Up 


S 


44p 


r-i 


where , 


Up 44p 11 




(i-s^r)2 - s2^ 


^41p“^14p~^41 


(i-s^3^r)^ - s|^ 


(2.3) 


(2.4) 

(2.5) 


By knowing the scattering parameters of the hybrid and the 
reflection coefficients of the terminations, S parameters for 
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the phase shifters (S. . ’s) can be evaluated. If the hybrid 

1 JP 

is assumed to be perfectly matched and has infinite isolation* 
then 


S. 


« 0 


'11 ” "41 
Equation (2.3) then reduces to 


( 2 . 6 ) 


LV 


(s2^+s|j^)r 


2^21331 r 


aSjiSj^r ] 




8 .-, 


(2.7) 


For an ideal 90° hybrid 
®21 “ 

( 2 . 8 ) 

®3i = TT 

For a single section branch line coupler 02 == -90° and the 
phase shifter is characterized by 


and 


^llp = ^44P 


= 0 


^4lp ■ ^14p 


jr 


(2.9) 


*It has been shown [22] that a perfectly matched hybrid 
will have infinite isolation. 
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jSquation (2.7) suggests that if the hybrid is ideal, 
the transmission coefficient of the phase shifter is equal to 
magnitude of the reflection coefficient r of the termination. 

2.1.2 Phase Shifters Using 180^ Hybrids 

I'he most common forms of 180° hybrids in waveguide 
configuration are the magic-1’, and the hybrid ring (also 
called rat-raee hybrid) . In stripline or microstrip confi- 
guration rat-race type hybrid is commonly used. 

I'he scattering matrix for the 180° rat-race hybrid 
(Pig. 2.3(a)), using symmetry considerations etc.) 

can be written [21,22} as 

S 

s 
s 
s 

It may be noted that this matrix contains 6 different 
parameters where as Bqn.(2.1) for 90° hybrid has only four 
dif f e rent parame te rs . 

A reflection phase bit using 180° hybrid is designed 
by connecting an extra 90° line length to one of the coupled 
ports before terminating it in the reflection coefficient r 
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as shown in Fig. 2.3(b). i'he reflection coefficients at the 
coupled ports will be different in this case due to extra 
line length. I'he Fqn. (2.10) may now be written as 


~^1 “ 


"Sll Sji S^^- 


r-il 

^2 


®2l ^22 ^32 ®31 


CM 

b^ 


®31 ®32 ^22 


^3 1 

_^4 _ 

1 

_®41 ^31 ^21 ^11 ^ 


.V 4 J 


( 2 . 11 ) 


By eliminating b 2 and b^ in Eqn. (2.11), we get a 2x2 
S~matrix for the phase shifter as follows; 


b^ 
L 






where 
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X, = 


X. 


^41^31 ^21^^11 ^ ^^^4^ 
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( 2 . 12 ) 
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If the hybrid is assumed to have perfect match and infinite 
isolation, then 

Sii = 3^2 = 0 and = 0 (2.14) 

Bqn. (2.10) then reduces to 


^1 


(^21^2'^®41^4^ 

( ^52^21^ 2"^ 21^41^4^ 


^1 
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For the ideal 180° hybrid 


(2.15) 


®2i = irr 

®41 “ fT" 


(2.16) 


For the ideal 180° hybrid ring = 90° and Bqn. (2.15) 
reduces to 
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At the centre frequency where the added line length to one 
of the coupled ports is exactly 90°, 12 = " = F and 

above equation simplifies to the following form 
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h' 





( 2.18) 


Phase shifter is then characterized by 

Stt = = 0 

lip 33p 

(2.19) 

and = V 


As for Ideal 90*^ hybrids, the transmission coefficient of 
the phase shifter is equal to magnitude of the reflection 
coefficients r of the termination. 


2.2 BPPjSCT op HfERID PARAMETERS OR PERPORMARCB OP PHASE SHIFTERS 

The important parameters of hybrids are: VSWR, isolation, 
and phase and coupling amplitude errors. Suitability of a 
hybrid for the given application in general depends on all the 
above parameters, but some parameters are more important in 
one application than in the other. Por example, in a balanced 
mixer, a coupler having amplitude inequality of 1 dB or phase 
error of 11° can limit the AM local oscillator noise concella- 
tion to 20 dS [23]. Iflaile in a balanced duplexer using two 
Identical hybrids, the phase errors in the two couplers 
cancel out while VSWR's and isolations combine. This section 
deals with the effect of hybrid parameters on the performance 
(VSWR, insertion loss and error in phase shift) of reflection 
type phase shifters using quadratui^ hybrids. 
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I 

2*2.1 ilffect of Finite Isolation and VS¥R on Phase Shifter 
Characteristics 


Practical hybrids are never ideal (fiqns. 2.6 and 2.8 
are not satisfied) even at the centre frequency. Assuming 
a lossless hybrid and applying the unitary condition to the 
scattering matrix of the hybrid, it can be easily shown [22] 
that for |S 22 ^| we get 




( 2 . 20 ) 


jiiquations (2.4) and (2.5) can be further simplified when 


i^2li " 1^31^ = W 

and 


( 2 . 21 ) 


&2 - ^5 = 90 ° ( 2 . 22 ) 

where ©■2 and are the phases of S 22 _ ^respectively . 

Above approximations (jiiqns. 2.21 and 2.22) are in 
general true for all 90° hybrids as long as the magnitudes 
of and are much smaller than unity. Ufeing these 
approximations, we may write 


^21 + = 0 • (2.23) 

Using the unitary property of the scattering matrices for 
lossless 4-port networks, we get 

|Sii|2 + * |S3i|2 ^ 
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Since 1^211 “1^311 I ^lll ”1 ^41 1’ relation 

reduces to 

2 (1-2|S 

IS21I = 2 ^^ 


( 2.24) 


By substituting Bqns . (2.23) and (2.24) into Bqns . (2.4) and 
(2.5) we get, 


S.. =S,^ + 




"4lp=^4l ^ 


r ( 1-2| 2) ( l-S^ tT )e 


ir 


(i-s^,r)2 ~ s|^ 


(2.25) 


(2.26) 


'rhuSjthe characteristics of the phase shifter can be 
evaluated from the knowledge of and for a parti- 

cular hybrid and the value of r. 

In the general case of all 90° hybrids Eqns. (2.25) 

and (2.26) can further be simplified (when 1 I 

3 3 

by Ignoring the terms containing and } J . 

We get, 


-ar|sj 2 e^^^2'^3^-3 |Sjj_|^ g 3( 

+ r^ |S^|2 e3^®2'**3'*2®4' 


( 2.26) 


(2.27) 
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where and are the phases of and • 

Sxnce generally the phase values associated with ^ , 
^21* Sjl and imperfect hybrid depend upon the 

specific cause of imperfection, exact values of phase shifter 
reflection and transmission coefficients are difficult to 
evaluate. Ihus, it is useful to determine the worst case 
values of ■^rSWE., insertion loss and differential phase shift 
error of the phase bit as the function of isolation (or Ti^V/R) 
of the hybrid. 

I'he worst case value of VSWR is obtained by choosing 
and ©^ such that the different terms in Eqn. (2.26) add to 
yield maximum amplitude of ^ 2 . 3 _p* Taking p = e^^,we get 

bllp=iS^l( e^^^2^5'^4^ {1+2 \ S^^\ e ^^1} ] 

j ( 2 . 28 ) 

The worst case value of j | turns out to be independent of 

r and IS given by 

^^lljJ “ ^ ^ ^11^ ^11 I ^ (2.29) 

Since the two port phase shifter considered is lossless, 
worst case value of transmission coefficient may be written 
in terms of worst case value of as 

^^41pJ “ ^1 -| ^iip 1 ^ 

^ wc '' -^'wc 


( 2 . 50 ) 
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Worst case for the phase error is obtained fix>ni the trans- 


mission coefficient given by lq.n. (2.27). This is 

obtained by arbitrarily choosing and such that the 
vectors other than the mam vector (the first term on EHS) 
are aligned in the same direction and are in quadrature to 
the first term. This would lead to the maximum deviation 


in phase of for two values of r(viz. e and e . 


Taking r= e^^,Jilqn. (2.27) reduces to 


S .T s: e 
4 Ip 


3( |- 1+ I e 3(6-4-«'-^2-*3> +| J a 

-2|S^J2 - 3|S^|2 




(2.31) 


By choosing = 71/2 and 6-^ = n/2 +( 0-+&2'^3^ (2.31) 


reduces to 


^(«’-^2-^3)[l+2alSill+|Sj2 ^32(20-rt>2-)«3)] 


(2.32) 


Bqn. (2.32) gives the worst case value of phase when 
20+^2'^3 = ^ above Sqn. reduces to 




(2.33) 


Phase shifter performance may be specified by differential phase 


shift (in two states) defined as A0— Prom Juqn. (2.33) worstf 
value of A0 is obtained as ' 


= + 2tan~^r 2 IB- 


(2.34) 
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worst case values of insertion loss and phase shift 

error, computed f rom Bqns . (2.29), (2.30) and (2.34), 
respectively, are plotted in Figs. 2.4 to 2.6 as function of 
isolation of the hybrid. For a 90® hybrid having an isola- 
tion of 20 dB the input ^^SWE of the phase shifter may even go 
as high as 1.56, insertion loss to 0.215 dB and phase error 
to approximately + 22.8°. 

Above results are compared with a particular case of 
a 90° two-branch hybrid. Talues for sample realistic 
conditions are plotted in these figures for different termi- 
nating conditions (r= 1, -1, j and -3). In this case the 
imperfections considered arise from a small shift in centre 
design frequency. Scattering parameters for such a case 
are derived using ABCD matrices for even and odd mode 
excitations. For small deviations from the centre frequency, 
the frequency dependent parameter t, (t=tan pjt/2) and t^,t^ 
etc. can be expanded in a lay lor series upto second term. 

Ihis method simplifies the evaluation of scattering para- 
meters, Bqns. (2.25) and (2.26) are used for calculation of 
phase shifter characteristics. Figures 2.4 and 2.5 indicate 
that VSWR and insertion loss are minimum when r values are 
1 and -1 whereas the phase error is minimum when r values 
are j and -3, (Fig, 2.6). It is seen that, for VSWR insertion 
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loss and phase shift error, the maxiBum. of these values could 
be predicted reasonably by worst case results. 

G-arver [24] has reported phase error caused in specific 
case where a finite isolation value results from the mismatch 
between the coupled load and the terminating reflection. An 
error of +22.8° is reported for 20 dr isolation, ihis result 
agrees precisely with the worst case error value arrived at 
in the present paper. It may be recalled that worst case 
value calculated here does not depend upon the specific cause 
of imperfection. 

2.2.2 Effect of Imperfect Counling 

ihe phase shifter performance is affected by imperfect 
couplings to the two coupled ports, fhis condition may be 
stated as 


I Sgil ^ |S^J and 
O' 2 •" = 90 + A & 


In this case, we take the hybrid to be perfectly 
matched and isolation to be infinite, i.e. = 0. 

The expressions for reflection and transmission coefficients 
for the phase shifter given in Eqn. (2.7) may be rewritten as 


^llp * ^ C* ^21* ^ ” * ^ 31 ^ ^ 
®41p = 


(2.35) 

(2.36) 
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'I'he case of unequal amplitudes and phase error are 
considered seperately. 

CASE I Effect of unequal coupling amplitudes: 

If the phase error in the hybrid is negligible i.e. 
A& = 0, then Eqn, (2.35) reduces to 


Sup =^tls. 


s,-,l ^ ] e 


(2.37) 


Hence 


I ^ ^ - I S_-l 2 


(2.38) 


Equation (2.38) gives the magnitude of the reflection coeffi~ 


cient for the phase shifter when the error only due to 


amplitude coupling is considered, fhe transmission coeffi- 
cient of the phase shifter is given by Eqn. (2.36). Also 
from Eqn. (2.36) we note that the differential phase shift for 


the phase shifter does not depend on the amplitudes of signals 
at the coupled ports. Variation of these parameters as a 
function of the ratio of powers in the coupled ports (in dB’s) [ 
are given in Big. 2.7. It may be noted that Eqns. (2.36) and i 
(2.37) and hence the conclusions derived therefrom do not | 

depend upon the type of the 90° hybrid. 

CASE II Effect of phase error in coupled signals: 

In this case the amplitudes at two coupled ports are 
considered to be equal but phase difference deviates from 
the ideal 90° value. , 

I 
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ISail ' l®3ll =r|- '2.39) 

Then jilq.ns . (2.55) and (2.36) reduce to 

®llp = -|- [1 - e-22*® ] eJ2®2 (2.40) 

S^lp=2r|S2j2 e^'*2^3* =re^^®2'**3’ (2-41) 

Magnitude of S 3 _ 3 _p may be written as 

ISiipl = I |1 - eiJ2“®| (2.42) 

Variation of VS¥jK of the phase shifter with phase 
error in coupled signals is shown in Pig. 2.8. It is seen 
that coupler phase error of 10° makes the VSWE of the phase 
shifter as large as 1.42. 

From Eqn. (2.41) we see that the differential phase 
shift of the phase shifter is independent of the coupling 
phase error. 

The calculations presented above indicate that the 
hybrid parameters could affect the performance of reflection 
type phase shifters significantly. The most important 
hybrid parameters in this connection is directivity (and hence 
the input VSWE) . 

It is found that an isolation of 20 dB in a 90^ 
hybrid can cause, in the worst case, an input VSWR of the 
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phase shifter to be 1.56, insertion loss of 0.215 dB and 
phase error as high as +22.8*^. Unequal amplitude coupling 
of 1.0 dB in the hybrid leads to input of the phase 

shifter to 1.26 and phase error of the phase shifter is found 
to be independent of the amplitude coupling. Phase error in 
the coupled signals of the hybrid of 10*^ gives rise to input 
ySWR of 1.42. 

l‘he analysis presented is applicable to phase shifter 
using any 90°, 5 dB hybrid (branch line, parallel coupled, etc. 

The results presented in this section would be useful 
in specifying the performance of hybrids for use in raflectioi 
type phase shifters. 
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PERPOEMMCE OP PHASE SHIPPERS USIHG- IDEAL 
S¥I POKES 

Performance of a phase shifter can be specified by its 
VSWR, insertion loss and the error in differential phase shift. 
Insertion loss is mainly contributed by the transmission line 
losses and the diode losses- Por low loss diodes, the line 
losses become important. Bandwidth of a phase shifter can be 
specified in terms of phase shifter ITiSWR and phase error. 
Performance of phase shifters using various hybrids and ideal 
switches are discussed in this chapter. Hybrids commonly used 
in phase shifter circuits are: branch line hybrids (with two or 
more branches) [25,26], rat-race hybrids [25], and parallel 
coupled transmission line hybrids [27,28] . deveral other 
designs for hybrid couplers are available; for example, De Ronde 
Strip Slot Coupler [ 29 ,30] , Lange ' s interdigitated strip line 
quadrature hybrid [31] , Chua’s slot line rat-race coupler [3 2j et^i 

Performance of phase shifters using ideal switches with t 
various types of hybrids, namely, two-branch, three-branch, 
rat -race, parallel coupled and tandem connection of parallel 

6 

coupled hybrids is evaluated in this chapter. Ihase shifters | 
using two-branch, three-branch and rat-race hybrids are studied 

i 

for their bandwidth. 

f- 

r 

I 

I 

f 
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3.1 GENERAL CONSIDERATIONS 

Eor discussions in this chapter ideal 180® and 90° 
switches are considered in place of IIN diodes commonly used 
for 180° and 90° phase hits. An ideal 180° or 90° switch is a 
one port device with zero reflection loss and differential phase 
shift of 180° or 90°, respectively, for reflected signals in 
two states over all the frequencies. Ideal PIN diode is a 
device similar to the 180° switch. There is no device existing 
for the ideal 90° switch. Out of possible infinite number of 
switching impedances for 90° switch, the one selected set has 
impedance values as Z^= « and 3. 

The analysis for 180° and 90° bit is carried out using th« 
following conditions: 

1) ideal switches (180° or 90°) are connected to the 

coupled ports of the hybrid : 

11) junction reactances are neglected, and 

111) transmission line loss is taken to be 0.2 dB/x for ; 
50 ohm lines and proportionate to the square root of| 
the normalized impedance for other impedance lines. , 

Use of ideal 180° and 90° switches allows one to study phase ^ 

shifter circuits independent of the PIN diode characteristics ; 

[ 

and thus enables one to investigate the limitations in perfor- ; 

I- 

mance imposed by the characteristics of the hybrid. Phase | 

i 

i 
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shifter performance using nonideal diodes as well as including 
the junction reactances are presented in later chapters. 

The bandwidth of a phase shifter is defined as the 
frequency range over which the maximiun phase error and the 
maximum VSWR is less than the specified values. The bandwidth 
in percentage is defined as 

2 I f - f j 

Bandwidth (Percent) -i VJ loo (3.1) 

where f^ is the centre frequency and f-^ is the nearest frequency 
at which at least one of the specifications (phase error or 
VSWR) IS violated. 

Phase error is defined as 

0e =Maz(W„ax.-<om.)- ««nom. 

limits on maximum phase error and VSWR depend upon the 
type of application and the overall response desired from the 
multibit phase shifter circuit. Even for a single phase bit, 
the maximum phase error allowed may depend on the bit size, 

present study bandwidths 

have been calculated for two different values of phase errors 
(namely ^ + 2,5° and ^ + 5°), The VSWR is taken to be less 
than 1,2 in both the cases. 
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3.2 BANDWIDTH OF HYBRIDS 

The bandwidth of a hybrid is defined as the frequency 
range over which (i) the maximum VSWR (ii) the maximum phase 
difference error in the signals at the coupled ports and (iii) 
the maximum amplitude differences are leas than the specified 
values and (iv) the minimum isolation is greater than the set 
limit. Since there are four constraints to define the bandwidth, 
there can be many possible specifications for bandwidth. Speci- 
fications considered in this study are indicated in Table 3.1. 
These give the type of constraints one would like to have for 
the hybrids used in phase shifters. Corresponding bandwidth 
values of 2-branch, 3-branch and ratrace hybrids are also given 
in the table* Two-branch hybrid is found to have less isolation 
and 'VtfWS- bandwidth as compared to the three-branch and the rat- 
race hybrids. In Chapter 2, it has been pointed out that 
isolation of the hybrid has significant effect on the phase 
shifter characteristics. Hence, the phase shifters using 
two-branch hybrid are expected to have narrower bandwidths than 
phase shifters using three-branch and rat -race hybrids. 

3.3 PHASE SHIFTERS USING BRANCH LINE HYBRID 

Branch line directional couplers are the most commonly 
used couplers for various applications. The two-branch 
coupler is the simplest in this type of couplers. These 
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TABI»B 3.1. Comparison of hybrid bandwidths 


Hybrid type 


Bandwidth {$) 

— , ^difference* 


<0.2 dB < 0.4 dB 


Thase” Tsolation TS¥R' 

Difference ^ jO dB <1.2 
Error 

< +4° 


* Two-branch 

1 1 

16 

30 

10 

9 

Three -branch 

15 

21 

48 

31 

28 

* Rat-race 

10 

20 

12 

31 

26 


Bandwidth data for two-branch and ratrace hybricfe are taken 
from reference [ 33] » 


couplers can be constructed in waveguide, coaxial line and other 
types of transmission line configurations. Bandwidth is 
smallest for two-branch coupler and increases as the number of 
branches is increased. In stripline and microstrip configurations, 
it IS difficult to fabricate a coupler with more than three 
branches due to high impedances of shunt branches. 

In this section performances of phase shifter circuits 
using two-branch and three-branch hybrids are evaluated. Both 
180° and 90° phase bits are considered. 
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5-3.1 Cir cuit UsiDiR Two-Branch Hybrid 

Figure 5-1 (a) shows a two branch hybrid. At the centre 
frequency the input at port 1 divides equally between ports 2 
and 3 and no signal comes out of port 4» Also, signals emerging 
out of ports 2 and 3 have a phase difference of 90°. 

Figure 3.1(b) shows a reflection phase shifter using a 
two-branch hybrid. Ideal switches are connected to the coupled 
ports 2 and 3. bignals emerging out at these ports are refle- 
cted back and they combine at port 4» while they cancel out at 
the input port. Coupler characteristics change with the deviation 
from the centre frequency. Phase shifter performance as a 
function of frequency is evaluated for both 180° and 90° bits. 

280 °__bit 

A 180° bit is realized by connecting 180° ideal switches 
to the coupled ports of the hybrid with transmission line 
length L between the hybrid port and the switch as shown in 
Pig. 3.1(b). 

Ihe circuit is analyzed using the method of even and odd 
mode analysis [23] • This method reduces a symmetrical n— port 
network into two n/ 2-port networks, v/hen ports 2 and 3 of the 
hybrid are terminated by ideal switches, the four port hybrid 
network becomes a two-port network. By taking even and odd 
mode symmetry, it reduce- to a single port network as 
shown in Pig, 3,2, 
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The even mode equivalent circuit shown in Fig, 5.2(a) 
consists of an open one eighth wavelength long shunt connected 
stub of admittance Y^, a series quarter wave transmission line of 
admittance an open one eighth wavelength shunt connected 

stub of admittance Y^, a transmission line of length L of 
admittance Y^ and the ideal switch. This equivalent circuit 
consists of two port circuit elements connected in cascade 
between a generator and load (switch). The overall ABCD matrix 
for the cascade of two-port elements can be written as 


rMg,] =[M,] . [Mg] . [M, ] . [Mjl 


with 

[M,] 


[Mj] 



1 

0 ' 


tanh(Y ^i^/2) 

1 


"cosh 

72" 

sinh Y 2 Jt.j1 

y/ 2 sinh Y 2 

cosh Y 2 

~cosh Y.J L 

sinh y.jL~ 

sinh Y.jF 

cosh Y.|Ii 


( 5 . 2 ) 


where, denotes the normalized ABOD matrix of open stub of 
length t^/2 having propagation constant and admittance Y^. 
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M2 denotes the normalized ABCD matrix of transmission line of 
length having propagation constant Y2 and admittance y^/ 2 , 

IS the normalized ABCD matrix of line of length L having 
propagation constant and admittance 

fhe equivalent circuit for the odd mode is shown in 

Big. 3.2(h). The only difference between the even and odd mode 

circuits IS that the shunt stubs eighth wavelength long are 

short circuited in odd mode case and open oircuited in even mode 

case. Hence the overall ABCD matrix for the two port circuit 
elements is given as 

[Moi 3 = [“i] • • [“d • [“ 3 ] 


With 

[ M'] 


**1 0 

coth(Y^ il^/2) 1 


where is the normalized ABCD matrix of shorted stub of length 
A ^/2 having propagation constant y^ and admittance Y^. 

The even mode and odd mode matrices given by Eqns. (3.2) and 
( 3 . 3 ) do not change with the change in switch state. 

The input impedance can be evaluated from overall 
ABCD matrix using the following relation 

AZ +B 
^in " GZr^5 


(3.4) 


- c 9S587 51 

* I'* C «>•»»*(,«** 

where xs the load impedance (switch impedance). By 

Jj 

knowing reflection coefficients for the even and odd 

modes can he evaluated. 

By superimposing the solutions for the even and odd 
modes, the response to the source of unit amplitude connected 
at port 1 IS given by 



These equations for the two states of the switches may 
correspondingly be written. 

Phase shifter performance can be evaluated as follows: 
Insertion loss of the circuit in dB’s is given by 

I.L. (dB) = - 20 log^Q I (3.6) 

Input VSWE. of the phase bit is written as 

1 +|S,,I 

VS¥R =: ———14.-. 

- 1 I 

Phase of the transmission coefficient is given by 
0= tan**^ 

and differential phase shift A0 is given by 


Imaginary part of S 


Real part of S 


li 
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(5.7) 


A0 = 02 - 0^ 


(5.8) 
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where 02 phases of the transmisfiion coefficients 

when the diodes are in states 2 and 1 , respectively. 

Input VSWR, insertion "loss and differential phase shift 
are computed for different values of the line length 1. 

Results obtained for 180° bit are similar to that reported in 
reference [ 1 5] . It is to be noted that one gets minimum 
phase error over a band of frequencies for 1 = 45 ° which corres- 
ponds to the normalized impedances at the hybrid ports in the 
two switch states as 3 and (symmetrical to X=0 line on the 
Smith chart). 

90°^bit 

For 90 ° bit, ideal 90° switches terminate the hybrid 
ports. Using terminating impedances and the analysis 
of this phase bit is carried the same way as for 180° bit 
discussed earlier. 

Input V8WR, insertion loss and differential phase shift 
are computed for different values of the line length L and 
are plotted as a function of percentage frequency deviation 
in Figs. 5.3 to 3.5» we observe that L-22.5° gives the 
minimum phase error in this case. This corresponds to the 
normalized impedances at' the hybrid ports in the two states 
as 32.4143 and -32.4143 (symmetrical to X-0 line on the 
Smith chart ) . 
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3.5.2 Circuit Using Three-Branch Hybrid 

Figure 3.6(a) shows a three-branch hybrid and the 
corresponding phase shifter circuit using this hybrid is shown 
in Fig. 3.6(b). In this circuit also the switches are 
connected to the coupled ports with equal line lengths (L) of 
admittance between the switches and the hybrid ports. 

i 80 o__bit 

In this case 180° ideal switches are connected to the 
hybrid ports. Analysis of this circuit is also carried out in 
the same manner as in the two-branch case. 

Overall ABCl) matrix for the even mode circuit shown in 
Fig. 3.7(a) can be written as 


[ M^,] = [M,] .[Mg] .[Mj] .[Mg] .[M,] .[M^] 

With 

. n 

(t/2-1 )tanh(Y^il.j/2) 1 



cosh 

^ 2 sinh "^2 


^ sinh 72^1 
cosh 


[M 



1 0 
^2 tanh(Y 2 ^ 1 / 2 ) 1 


(3.9) 
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where ,M 2 ,M 3 a-iid 14^ are ABCD matrices for various elements 
as shown in I'lg. 3.7(aj. 

Even mode matrix when the switches are in the other state 
(state 2) is obtained by changing the load impedance of 
the switch. 

The odd-mode circuit is shown in Pig, 3.7(b). The shunt 
elements in this case are short circuited instead of being open 
in the even mode circuit and the corresponding matrices are 
represented by dashed matrices (M^' and The odd mode matrix 

can be written as 

[Mo,] =[BJ] [MiJ -[^ (3.10) 

With 


1 0 

[Mj] = 

(✓2-1 )coth(Y3A.|/2) 1 

1 0 

/2 coth(Y2^‘l/2) 1 


where and are ABCD matrices for the elements shown in 
Fig. 3.7(b). 

Once the overall matrices for the even and odd mode for 
both the states of the switches are known circuit performance 
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can be evaluated by using Eqns. (3.4) through. (3.8). Eigs. 
(3.8) to (3.10) give the plot of VSWR, insertion loss and 
differential phase shift of the phase shifter as a function of 
percentage frequency deviation for different line lengths (L) 
between the switch and the hybrid port. Prom these plots we 
observe that bandwidth of more than 20?fc can easily be achieved 
from this phase bit. Ihe effect of line length L is not very 
significant on the phase error, still L=45° gives the minimum 
phase deviation around the nominal phase shift A0. Phase 
variation around the centre frequency is symmetrical for L=45° . 
It reduces with frequency deviations on either side of the 
centre frequency. 

20o_bit 

Por 90° bit ideal 90° switches terminate the hybrid 
ports. The analysis of this phase bit is carried out the same 
manner as for 180° bit. 

Input VS¥R, insertion loss and differential phase shift 
are computed for different values of the line length L and are 
plotted as a function of percentage frequency deviation in 
Pigs. 3.11 to 3.13. ¥e note that L=22.5° gives the minimum 
phase error and the phase variation is symmetrical about the 
centre frequency. The overall performance of 90° bit is found 
to be better than that of 180° bit. 
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3 A IHASi SHIFTlilRS USING EAT-RACU HYBRID 

Rat-rao« coupler is a 160° hybrid. It consists of a 
ring of 3^/2 circumference. Figure 3, 14(a) shows a ratrace 
coupler. If the power is fed at port 1 , it emerges out from 
ports 2 and 4 m the same phase and port 3 acts as an isolated 
port. If the input is at port 2 power couples to ports 1 and 
3 with phase difference of 180°, and port 4 becomes the 
isolated port. 

Isolation and VaWR bandwidths for the rat-raoe hybrid 
are about three times that of two-branch hybrid and are comparable 
to three-branch hybrid (fable 3.1). I'hase bandwidth for rat-race 
is poor (about 127o). Bandwidth for amplitude coupling for 
ratrace is better than two-branch and is about the same as 
for three-branch. 

Figure 3, 14(b) shows a phase shifter using ratrace 
hybrid. The extra quarter wavelength line may be placed either 
in port 2 or port 4. If it is placed in port 2 the resulting 
bandwidth is narrow [ 22] due to extra distance (one wavelength) 
travelled by the wave reflected from port 2 than the wave 
reflected from port 4. The waves while recombining at port 3 
should not only have the same phase but also have travelled 
the same length which is possible by placing it in port 2, 
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Phase shifter circuits using ratrace hybrid do not 
possess a plane of symmetry {although ratrace hybrid is 
symmetrical), hence even and odd mode analysis cannot be 
used for analyzing this circuit. The analysis is carried out 
by scattering matrix approach. 

The scattering matrix of the ratrace hybrid is given 
by Eqn, (2.to). If the reflection coefficients at port 2 and 
4 are T 2 s^^id r^, respectively, then the scattering matrix of 
the phase shifter is given by hqn. (2.1 1 )and fiqn. (2.12). 

To evaluate the phase shifter performance using Eqn. 
( 2 . 12 ), the scattering parameters of the rat-race hybrid and 
the reflection coefficients i '2 and are needed. Scattering 
parameters for the rat-rece hybrid can be calculated by 
analyzing the hybrid using even and odd mode symmetry, Pigure 
5.15 gives the equivalent circuit for rat-race hybrid for the \ 

I 

even and odd mode excitations. Analysis similar to what has 
been used in Section 3.3 is carried out to evaluate even and ' 

odd mode matrices. Reflection and transmission coefficients - 

[ 

for the even and odd modesare found using Eqns, (3*2)&(3.3) .Scatt-i 
ering parameters for the hybrid are calculated using the 
following relations: i 
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= ("l1e "110^/2 

^22 ~ ^^22e ^22o^/^ 

^21 ^ ^^21e ■*■ 

^31 " ^^21e *■ ^210^/2 

^41 = ^^11e-^11o)/2 

^32 ~ ^^22e “ ^220^/^ 


(3.11) 


Knowing the scattering parameters of the hybrid reflection and 
transmission coefficients for the phase shifter are calculated. 
Phase shifter performance can easily be evaluated from 

“up “31P- 

By making the corresponding changes in the reflection 
coefficients and for the two states of the switch and for 
both 90 ° and 180° bits, performances for both the phase bits 
are computed. Results for 180° are similar to those available 
in 15 , and are not included here, i'or 90° phase bit these 
results are plotted in Pigs. 3.1 6 to 3.18. These plots give 
the variation of input VSWR, insertion loss and differential 
phase shift ( A0) as a function of percentage frequency 
deviation for different values of L and for two switch states. 
In this case also the line length of 22 , 5 ° gives the minimum 
phase error. 
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5.5 BMDWIDTH OF PHASE SHIFTERS USIHG- IDEAL SWITCHES 

Phase shifter bandwidth has been defined in Section 3.1 
and the two specifications considered are used for computing 
phase shifter bandwidth using ideal switches and two-branch, 
three -branch and rat -race hybrids. 

3.5.1 P hase Shifter Using Two-Branch Hybrid 

Using the analysis method described in Section 3.3*1, 
we calculate the nearest frequency f-^^ at which at least one 
of the specifications (namely phase error or VSWR) is violated, 
Bandwidths for both 180° and 90° bits are computed using 
Eqn. (3.1). 

Figures 3.19 and 3,20 give the plot of bandwidth as a 
function of line length L for both 180° and 90° bits. The 
continuous curves are for the bandwidth defined for VSWR ^ 1.2 
and phase error (0.) < + 2.5° and the dotted curves are for 
7o¥R<1.2 and phase error ^5°. 

For 180° bit, the maximum bandwidth for the two speci- 
fications is found to be the same (approx, 5?'°) and it occurs 
when the transmission line length L is either 45° or 135°. 

Both these line lengths place the two switch impedances 
symmetrical to the -a.=0 line on the llmith chart. It is to be 
noted that the flattening of the dotted curve (0-<^5°) around 
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L=45° is due to the YSWR limitation (i,e% Bandwidth gets 
limited due to VSWR specification Being violated first). 

Bor 90° bit, the maximum bandwidth is achieved when 
L=22.5° and 112.5°. Ihe two bandwidths are 5.6‘;o and 5.8% and 
are approximately equal. L=22.5° places the two switch 
impedances symmetrically about the open circuit point on the 
8mith chart, while 1=112.5° places them symmetrical to the 
short circuit point on the bmith chart. 

5.5*2 P hase Shifter Using Ihre e-Branch Hybrid 

Ihe analysis method described in Section 3.3.2 is used 
and the bandwidth is calculated using Bqn, (3*t). Computed 
bandwidths are plotted in Figs. 3.21 and 3.22 for 180° and 
90° bits, respectively. 

For 180° bit, the maximxxm bandwidths achieved for the 
two specifications are not same, as in two-branch hybrid. From ' 
the figure we note that the maximum bandwidth is achieved when | 

f 

1=0° for both the bandwidth specifications. Referring Fig. 3.10^ 
which gives the variation of A0 for 1=0°, 45° and 90°, it * 

may be noted both 1=0° and 1=90° give less phase error than l 

1=45°. But the total phase deviation ( A 1 
more than for the case of 1=45°. 1 

90° bit using three-branch hybrid does not give the 
unique optimum line length when one considers the phase error 
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However an optimum is obtained when the total phase deviation 
IS considered. Table 3»2 gives the maximum phase deviation 
in a phase bit using three-branch hybrid for +10^ frequency 
deviation. It is noted that the minimum phase deviation for 
180° bit IS obtained when L=45° and 135° as was predicted. 
Similarly, for 90° bit minimum phase deviation is obtained for L= 
and 112.5°. The effect of line length L on phase shifter 
bandwidth (or phase error) using three-pranch hybrid is not as 
pronounced as in two branch case. 

3.5.3 Phas e Shifter Using Rat-race Hybrid 

Bandwidth of phase shifter using a rat -race hybrid 
and ideal switches has also been calculated. Analysis given 
in Section 3.4 is used for these calculation. Figures 3.23 
and 3.24 show the plot of bandwidth for 180° and 90° bits for 
the two specifications of the bandwidth. As expected the 
180° phase bit gives bandwidth peaks tot ij=45° and 135°. The 
peak at L=45° gives 10.2% bandwidth while for 1=135° the 
bandwidth peaks to 8.6%. The probable reason for this difference 
IS that as the line length (1) increases the frequency 
sensitiveness of the phase bit also increases and the bandwidth 
starts getting limited by the VSWR of the phase bit. This 
becomes more pronounced because of the additional ?\/4 line 
length being used with one of the coupled ports. 


TABLE 5.2 Maximum phase deviation for +10?^ frequency 
deviation for three -branch hybrid. 
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For 90° bit, the peaks occur for 1=22.5° and 112.5° 
as expected. Per 0-$+5° the second peak at 1=112,5° got 

w 

supressed due to VS¥R limitation. For 0^^ ±2.5° both peaks 
are present but peak at 1=45° gives bandwidth of 12.7:^ while 
the one at 1=112-5° gives bandwidth of 10.6?&. The same 
reasoning as for 180° bit can be attributed to this difference 
in bandwidths. 

3.6 PHASE SHIFTERS USIHG PARAllSl COUPIEB IINB HYBRIDS 

A parallel coupled hybrid consists of two identical 
quarterwave long lines placed parallel and in close proximity 
to each other. Figure 3.25(.a.) gives the schematic of this 
hybrid. An input at port 1 divides equally between ports 2 and 
4 with a phase difference of 90°, while there is no output at 
port 3. Such couplers are very broad band, usable bandwidth 
of a single section quarterwave coupler is approximately one 
octave [3^ . 3 dB power split in these couplers is realized 
only at the centre frequency but the 90° phase difference 
between the output arms, the input match and the isolation 
are ideally independent of frequency. 

To achieve broader bandwidths, multisection couplers 
are used. In multisection or single section 3 dB couplers, 
the main problem is the practical realization of the narrow 
gap between the lines. This difficulty can be alleviated by 
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connecting two or more couplers appropriately to acliieve tight 
coupling from loose couplers. Such an arrangement is known 
as'tandem' connection of couplers [28], 

Ihase shifters using single section parallel coupled 
hybrid and tandem connection of two such hybrids are considered 
As in previous sections, a transmission line loss of 0.2 dB 
per wavelength at the centre frequency is assumed. Since these 
couplers operate over large bandwidths, the line loss is 
assumed to vary proportional to the square root of the norma- 
lized frequency. 


3.6.1 Phase Shif t ers Using Single Section Parallel coupled 
Hybrid 


Pigure 3.25(h; shows the parallel coupled hybrid phase 
bit. Ideal 180° switches are connected to the coupled ports 
2 and 4. Parallel coupled hybrid is symmetrical but when the 
switches are connected to ports 2 and 4» this symmetry is no 
more present. Hence, the phase shifter circuit using this 
hybrid is analyzed as a four port circuit, hqn, (2.8) gives 
the scattering parameters for the phase shifter using this 
hybrid and, in the present case (with port numbers modified 
as shown in Pig. 3.25(a)) may be written as 



(s|,+ 


2 S 


21 




2 S3, S^, 


^1 

<4 ^ 


^3_ 


(3.12) 
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Reflection coefficient T may be evaluated as 


r 




+ Y 


in 


(3.13) 


where 

Yg cosh T1 (1/Z^)sinh YL 
^in ~ cosh y 1 + 'sinli Y L 


(3.14) 


y_ IS switch admittance 

Ziji IS impedance of transmission line length 1. 


Transmission coefficients for the hybrid can be 
determined by using the concept of even mode and odd mode 
symmetry and are given as [35] 


b' 


21 



/i-k^ coshY^+ sinhYA 


(3.15) 


S,. = (3.16) 

^ /l~k coshYA+ sinhyJl 

Using Eqns. (3.13)» (3.14)» (3.15) and (3.16), scattering 
parameters for the phase shifter can be evaluated frcai Bqn. 
(3.12). Prom these parameters performance of the phase 
shifter can be evaluated. Pig. 3.26 shows the plot of VSWR, 
insertion loss and phase shift ( A0) as a function of 
percentage frequency deviation, VS¥R of the phase shifter 
is found to be independent of the switch state and the line 
length L. Insertion loss is also independent of switch 





states but depends on the line length 1 to the extent of the 
loss of the line only. If the transmission line is assumed 
lossless (a = 0.0 dB/X) then the insertion loss curves for 
all lengths coincide. The differential phase shift is found 
to be independent of frequency. This is due to the fact that 
the isolation of this hybrid is infinite and is independent 
of frequency, 

3*6,2 Phase Shifters Using Tandem Connection of Two Si n gle 
S ection Hybrids 

A tandem connection of two 8.34 dB (k=0.3B28) couplers 
shown in Pig, 3* 28(a) yields a 3 dB coupler [ 28] . Individual 
couplers of the tandem will have cross-over so that direct 
and coupled ports are on the same side and can be fed to t,he 
next coupler, figure 3.27(a) shows a tandem connection of 
two single section parallel coupled line couplers. If the 
input IS fed to port 1 , ports 5 and 6 are coupled ports and 
port 2 is the isolated port. 

figure 3.27(b) shows a phase shifter using tandem 
hybrid. Ports 5 and 6 are terminated in ideal switches 
through an arbitrary line length 1. To evaluate the perfor- 
mance of the phase shifter using this coupler, the scattering 
matrix for the tandem hybrid is to be found out first. Then 
by terminating ports 5 and. 6 into switches with reflection 
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coefficients F , the scattering matrix for the reduced 
two-port phase shifter network can he evaluated. 

By writing the scattering matrices for the individual 
couplers and the transmission lines interconnecting them, 
the scattering matrix for the tandem hybrid is obtained by 
eliminating the appropriate wave variables. ¥e get the 
scattering matrix for the tandem hybrid as 




O 
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O 

O 
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O 
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Tp Tq 0 0 
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*0 ° ° _ 
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where 


T = 


= 2 - 


+ T? 
£ ^d 

X 

c d 


X = 


(3.17) 


(3.18) 


and T and T, are the transmission coefficients for the 
c d 

individual couplers. 

Now if the ports 5 and 6 are terminated in reflection 
coefficient F, then the scattering matrix for the phase 
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shifter can be evaluated, and is written as; 




(Tj 2TjjTg 



^2 

L J 

t 

— ^ 

1 

* 

CM 


(3.19) 


As the reflection coefficient ^ , and the trans- 
mission coefficients of the tandem hybrid are known phase shifts 
performance can be evaluated. 


Figure 3.28 gives the plot of YSWR, insertion loss 
and differential phase shift as a function of percentage 
frequency deviation. As in the case of phase shifter using 
parallel coupled hybrid, the VSWR of the phase shifter is 
independent of the switch state as well as the line length L. 
Insertion loss also does not depend on the switch state but 
depends on line length L. This dependence is only due to 
increase in line loss as L increases. The variation of 
insertion loss is also found to be unsymmetrical about the 
centre frequency. This is due to assumed frequency dependence 
of line loss. Insertion loss variation witha=0.0 dB/X is 
also plotted. Here the variation is symmetrical about the 
centre frequency and is independent of switch state as well 
as line length L, Differential phase shift is found to be 


i 
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i 

i 
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independent of frequency. This is due to the Infinite 
isolation of the hybrid, not only at the centre frequency 
but throughout the band. 

VSWR bandwidth of this circuit is only slightly less 
than that obtained by using a single section parallel 
coupled hybrid. For VS¥E^1.2, the two values are and 

52% respectively. 
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CHiPTER 4 

DESiaK OE REFLECTION TYPE PHASE SHIFTERS 

A 180° reflection phase bit using ideal PIN diodes 
(ideal 180° switches) consists of a hybrid and two PIN diodes 
connected to the coupled ports (Fig. 4.1(a)). As discussed 
in Chapter 3» if the nonideal hybrid and ideal PIN diodes are 
considered, a line length between the hybrid port and diode 
IS needed to reduce the mismatch error of the coupler [3] and 
hence the overall phase error of the phase shifter. If both 
the hybrid and the PIN diodes are nonideal, a network is to be 
introduced between the hybrid ports and the diodes to obtain 
desired phase shift at the centre frequency and the minimTim 
phase error over the band of frequencies. Figure 4.1(b) shows 
the schematic of such a phase bit. It consists of a hybrid, 
two transforming networks, and two PIN diodes connected to the 
coupled ports of the hybrid. Networks terminating the hybrid 
ports (transforming network and diode) may be called phase 
shift networks as they are responsible for the required phase 
shift. The transforming networks may be designed to obtain 
the desired phase shift for a given set of diode impedances in 
the forward and reverse bias states. 

In this chapter three types of transforming networks 
(transmission line type) considered are: (i) single line length 
(to be used with impedance transforming hybrids) (ii) quarter 
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wave transformer and (iii) a single stub. The latter two are 
used with ordinary hybrids(with equal impedances). Closed 
form design equations for the above mentioned networks are 
derived. These design equations also include the design of 
optimum line length (for maximizing the bandwidth) placed 
between the hybrid port and the diode. Design curves giving 
transmission line lengths and impedances of the transforming 
network for given diode reactances are also included. 

4.1 EBVIEW OP AVAILABLE DESICN PROCEDURES 

The design of the transforming network is the key step 
in the design of reflection phase shifters using imperfect 
diodes. Pive types of such networks have been reported in 
literature. Two out of these networks use lumped elements ! 
only. The third uses series inductance along with transmission 
line transformer. Pourth is a transmission line section alone 
and fifth proposes use of stubs. > 

i 

I 

Design of 180° reflection-type phase shifters using | 
imperfect diodes has been first considered by Carver [2,10,1l].l 

I 

Transforming network consists of lumped elements L and Cl-a)C 
as shown in Pig. 4.2(a). This network operates over an octave ] 
bandwidth and thus the phase shifter bandwidth is limited by 

■f 

the hybrid. In this circuit, *aC' is mainly the junction 
capacitance of the diode and (l-a)G is mainly the package 
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capacitance. The parameters 1 and 0 are expressed in terms 
of an impedance flOl such that 

(4.1) 

Parameters K (the ratio of to the line impedance Z^) and 
'a' are computed for a given phase shift, the desired phase 
accuracy and the bandwidth. 

Burns and Stark [l»4-»1^ have reported the design for 
series and parallel resonant type of phase shift network shown 
in Pig. 4.2(b). In this method tuning elements and are 
added to obtain series and parallel resonance in the forward 
bias and the reverse bias states, respectively. The condition 
for the magnitudes of the reflection coefficients to be 
equal is 



where is the diode's capacitive reactance. If 
becomes equal to X^- Thus, for equal reflection coefficients 
in the two states, the characteristic impedance of the line 
to which diode is connected should be equal to the capacitive 
reactance of the diode for also provides a 

constant phase shift A0 for small frequency deviations 
around f^. 

The lower phase bits are obtained by the 'transformed 
switch' method [1^ . This circuit uses 45° line length 
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between the 180° bit and ideal transformer* Transfoimer 
converts the 50 ohm impedance of hybrid port to the desired 
value for the given phase bit. These impedance levels for 
90 °, 45° and 22^° are 2.4 Z^, 5.0 and 10.0 respectively[ 1 2] . 

The third type of phase shift network named as transfor- 
med LC network is described by White [ 5] - This uses both 
lumped and distributed circuit elements as shown in Pig. 4. 2(c). 

In this case, a lumped inductance L is added so that the 
reactances switched at plane SS are + 3 (for 180° Mt) . A 
quarter -wave transfonner can be used such that the normalized 
reactances switched at the coupler port are + 3 I . 0 . 

To design lower phase bits the coupler impedance is to 
be transformed to higher 'socket impedance* Zg. 90° and 45° 
phase bits are obtained by selecting Xg/Z^ = +0.41 for 90° 
bit and X/Z„ = +0.20 for a 45° bit [3]. 

Phase shift networks consisting of only transmission 
lines can be designed in different ways. Such a netwoiic 
using a single transmission line length shown in Pig. 4.2(d) 
has been described by Starski [19J. design presented in 

this reference finds the optimum value of transmission line 
length and impedance (0^ and Z^) to get the minimum phase 


error over the band . 
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Phase shift network using single stub has been described 
by Gamisa f 20] . In the circuit reported, MIS varactors are 
used. The design for 180° bit proceeds as follows. The 
forward and reverse bias reactances of the diode are plotted 
on the Smith chart. A line of electrical length 0^ (say) is 
used to move the reverse bias impedance point to the (R=0, X=0) 
point. The forward bias reactance point would also move 
correspondingly, A shunt capacitance (or open stub< X/4) of 
suitable value would move the new forward bias reactance point 
to (R = oo , X = oo ) point. The new reverse bias point which was 
brought to the short circuit point would not be effected by 
the shunt capacitance. 

A double stub type of transforming network has been 
reported by Yahara and others [16] and is used with inter- 
digitated coupler. Design details of this network are not 
included in this reference. 

Transforming networks of Ixmped element type give wide 
phase bandwidth and are most suited for wide band phase shifters. 
Networks using transmission lines are more appropriate for 
modest bandwidth phase shifters . 


During the course of preparation of this manuscript, another 
paper by Atwater [49] had appeared. This paper shows how one port 
circuit having two impedance states can be transformed to 
exhibit reflection coefficients which have a prescribed phase 
angle difference and equal magnitude in the two states. Design 
equations for three types of transforming networks are included. 
These are: (a) a double stub transformer with quarter wave 
length spacing (b) line segment of arbitrary length and, (c) 
a x/4 line segment in tandem with a x/8 segment of 
different impedance. 


104 


4.2 GENERAL CONSIDERATIONS EOR THE DESIGN OP TRANSPORMING 
NETWORKS 

There are two steps involved in the design of various 
types of transforming networks. Pirstly, a circuit is designed 
to get the desired phase shift A0 from the available diode. 
This involves providing a suitable impedance at the diode 
plane to ensure that the normalized reactances in two states 
are located A0 apart on the Smith chart. The second step in 
the design is aimed at rotating these reactance locations on 
the Smith chart so that they are located symmetrically with 
respect to X = 0 axis. 

4.2.1 Impedance Required at the Diode Plane 

Consider a diode with forward impedance and the 
reverse bias impedance looking into an impedance The 
phase difference between reflection coefficients in two 
states A0 is related to by the following relationship 
Zr + 0 Zm tan ( A0/2) 

■ Z— "Tlan-(' Tmj 

When diodes are lossless, we may write 
Zji = 3 Xp 


Zr - 3 ^ 


(4.4) 
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Equation (4.3) then reduces to 

tan (A0/2) - Xj^ tan (a0/2)=O (4.5) 


Equation (4.5) is quadratic in and its roots are 



Eor 180° hit, 40 = i80° and we get 


(4.6) 



Eor PIE diodes is negative. 


(4.7) 


For 90° hit, 0 = 90° and we get 






7 1 




(4.8) 


Variation of Z^/Z^ with Xj^ for various values of Xj, is given 
in Figs. 4.3 and 4.4 for 180° and 90° bits. Similarly, for other | 
phase hits, value of can he calculated from Eqn. (4.6), | 

Irrespective of the type of transfoming network to he j 
used, the circuit impedance appearing across the PIN diode 
terminals Should be equal to 

r 

Above equations are used later for designing various | 

types of phase shift networks. I 


4.2.2 Design for Equal VSWR in Two S t ates and Minimum Phase Error I 

— — I 

, i 

The effect of transmission line length (between ideal | 

diode and hybrid port) on phase shifter bandwidth have been I 
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discussed in detail in Chapter 3. It was noted that maximum 
phase handwxdth is obtained when the diode reactances switched 
in two states are equal and opposite in sign. Similar 
conclusion is valid even in the case of nonideal diodes. This 
IS due to the fact that when the magnitude of reactances 
switched in two states are equal, the phase error due to ccupler 
mismatch is greatly reduced ^3]. 

For lower phase bits i.e. 90°, 45° » etc. these reactances 
may either be placed symmetrically about short circuit or open 
circuit point on the Smith chart. When the reactance points 
are symmetrically placed around short circuit, the normalized 
reactances in two bias states are given by 

Xgg = + j tan ( -^) (4.9) 

and when placed around open circuit, reactances are given by 

Xqo = i 3 cot (4.10) 

This placement of reactance also gives magnitudes of reflection 
coefficients equal in both bias states and hence equal VSWR. 

Equations (4.9) and (4.10) are used in later sections 
for design of phase shift networks for lower phase bits. 

4.3 DESIGN OF THREE TYPES OF TRANSFORMING NETWORKS 

Design procedures for three types of transforming 
networks using transmission lines alone are discussed in 
this section. 
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4*3.1 Network for Use wxth Impedance Transforming Hybrids 

This transforming network uses a single line length* 

To get the desired phase shift, diode should see the impedance 
looking into the transfoiming network, Eqn, (4.6). Impedance 
transforming hybrids [35>36] can have desired transformation of 
the impedance level in the hybrid itself- These hybrids have 
different port impedances. To get the desired phase shift 
there is no need of transforming network and the diodes can be 
mounted at the hybrid ports without any intervening line length. 
To get maximum bandwidth and equal values of the reflection 
coefficients (at f^) in the two states, a transmission line of 
length and impedance is used. depends on the diode 


m 


m 


parameters. When the diode is forward biased and terminates a 
transmission line of length ©^ and impedance (Eig. 4. 3 (inset)) , 
the input impedance at the plane AA is written as 


0 Z 


m 


zj-%p t^ ©_ 


(4.11) 


m m 

In order to have equal reflection coefficients in two states for 
a 180° bit, normalized reactance at AA should be 

Hence, the desired line length can be calculated using Bqn.(4.1l) 
and is given by 

e_l = tan"' 4^^ (4.12) 


m 


180° 




Eor 90° bit, Z^/Z^ ~ o0.4142. Hence 
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Variation of electrical length ©j^ (^-n degrees) with for 
various values of Xp is given in Pig. 4 •5 for both 180° and 90 
phase bits. For large values of becomes independent 

of Xj^. For large values of Xg^ and small values of Xp» values 
tend asymptotically to 45° and 22.5° for 180° and 90° phase 
bits respectively. This is in agreement with the discussion 
for ideal diode cases in Chapter 3. 


0 


of 


4.3.2 Quarter Wave Transforming Network 

In this case* a quarter wave transfoimer is used to 
transform hybrid impedance to the desired value needed 
across the diode. The impedance of this X/ 4 section is given 
hy 

z = /z Zv, (4.U) 

^T •! m h 

Figure 4.6 shows the variation of with Xj^ for various 

X^ values, for both 180° and 90° bits. 90° bits need higher 

X 

transformer impedances than 180° bits. 

To get equal reflection coefficients in the two bias 
states and minimum phase error, line length Oj of characteristic 
impedance 50 ohms is used (Fig. 4.7(inset)). If the diode is 
assumed to be forward biased, then impedance at the plane BE 

is given by 
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Zq "ban 

Zq + Z^/Xp tan 9^ 


(4.15) 


Since Xp point has moved hj 180° on Smith chart ducv^to ^4 

transformer, for 180° bit Z^/Z„ should be -n. 

o 


Hence , 


9 


T 


180° 


tan 


4 - hh 

4 * 


(4.16) 


Similarly , for 90° bit, when the reactance points are chosen to 
be symmetrical with respect to open circuit point on the Smith 
chart, Zp/Z|^ should be - 2.41 42 jj. 


Hence , 


®T 



s= tan 


-1 


Zj-2.4142 Xp Zq 
ZqXp 4-2.4142 z| 


(4.17) 


Variation of electrical length ©^ (in degrees) with X^ for 
various values of Xp is given in Fig. 4.7 for 180° and 90° 
bits. In this case also 9^, becomes independent of X^ for large 
Xr values and tends to 45® and 22.5°for 180° and 90° phase bits, 

respectively . 


4.5.3 Single Stub Transforming Network 

Transforming network using a single stub has been 
discussed by Camisa and others [20] . By suitably choosing 

the stub (open or short) length and its distance from the 
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diode, desired phase shift can be achieved from practical 
diodes* 


Design for 180° Bit 


Figure 4*8 (inset) shows the transforming network of 
this type. A procedure for the desiga of 180° bit has been 
discussed in Section 4.1 . Analytical design expressions based 
on this procedure can be derived as follows. Electrical line 
length (location of the stub from the diode) depends on the 
reverse bias reactance of the diode and is given as 


©^ = tan*"^ 

By addition of line length ©^ the reactance Xp 
to a value XJ, (as shown in Fig. 4,8) given by 



(4.18) 

gets transformed 


Xn + Z tan ©. 

Substituting the value of tan ©^ from Eqn. (4.18), we get 

( 4 . 20 ) 


0 = 3 Z 


2 ~ ^ 
o 


^0 ^ ^ ^ 


An equal reactance of the opposite sign connected in 
parallel with X^ would make total reactance infinite. This 
capacitive reactance can be realized by using open stub of 
length ©^ given by 


-3 XJ, = - J Zg cot Sg 


( 4 . 21 ) 



116 


or, 

tan ©„ = 

o 


z 


0 



(4.22) 


Substituting ^for from Eqn, (4.20) we get 
^o + ^ ^ 

tan ©g - r-'x^J (4.23) 

p 

From Eqn. (4.23), we see that when ®s ~ ^ i.e. no 

stub length is required and the transforming network reduces 
to a single line length. 

2 

For Zq < |Xp the reactance X^, in Eqn. (4.21 ) becomes 
negative (capacitive). Hence the stub length should provide 
an equal inductive reactance. This is possible by using shorted 

I 

stub of length less than 90° whose reactance is given by 


^short = 3 Zo ®s 


and 


-3 X^ = 3 Zq tan © 


s 


tan © 


s 


where XI is negative 

' ■ 


Substituting for X^, we get 


tan © 




(4.24) 


(4.25) 


( 4 . 26 ) 


For equalization of the reflection coefficients in the two 
bias states and for obtaining the minimum phase error, a line 
length of 45° is desired. Since at the 3 unction point of the 
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stub, the diode has been idealized having impedances zero and 
infinite in forward and reverse bias states, respectively. 


a 


Figure 4.8 gives the variation of line lengths 0^ , 0^ 
and 02 with for various values of X^,. The electrical length 
9^ depends only on the reverse bias reactance of the diode 
and the impedance of the line, hence for all values of Xj the 
curve IS same. Stub length 0^ depends on Xj , and Z^. Plots 


of 0„ for X.J 5 , values of 2,10 and 20 ohms and X^^ values from 


ohm 4 


“50 ohm to “500 ohm are shown in Pig. 4-8. For Xp = 2 

open stub is used for all the ranges of values. For X^ = 10 

2 

and 20 ohms, upto certain Xp values given by Zq> j XpXpj , an open 

2 

stub is used, and when Z^< jXj, Xp| , a shorted stub is used. For 
example, for Xp = 20 ohm and = 50 ohm ; at Xp = -1 25 ohm, 

0g = 0° and for Xp values beyond this shorted stub is to be 
used. The electrical length ©2 used for equalization of 
reflection coefficients is independent of Xp and Xp values 
and is 45°. 




Figure 4.9 (inset) shows the transforming network of 
single stub type to be used for 90° bit. In this case shorted 
stub length less than X/4 is used for all the diode reactances 


considered* 
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Th.e electrical length 0^ is found in this case also by 
using Eqn. (4.18). By addition of line length the 
reactance Xj, is transformed to a new value X^ given by Eqn. 
( 4 . 19 ). lo get 90 ° phase shift the reactance X^ point 
should be modified to a value j (normalized jl.O). Hence, 
the reactance Xj^ needed Is given by 

3 XJ. j Xj^ 


^ jCx" + XjT"* 


or 


X. 




(4.27) 


^ 

To obtain this inductive reactance, shorted stub of 
length less than X/4 is to be used. Length of the stub is 
given by 


tan Og = 


(4.28) 


Substituting for from Eqn. (4.27), we get 


tan ©g = 




(4.29) 


Substituting for XJ,, we get, 




tan 


-1 


1 


1 


K + ^ 'h 

1 - y ^Tr-T-ri 


(4.30) 


To equalize reflection coefficient in the two bias states 
a line length of 67.5® is to be used. 
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figure 4.9 gives the variation of line lengths 0 ^, 

Og and O2 with for various X^. values. In this case also 
0 ^ does not depend on Diodes with large and large 

Xj^ require shorter stub lengths. Dor large Xjj^ values stub 
length becomes independent of X^^. 
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CHiPTER 5 

PERFORMANCE OF REFLECTION-TYPE PHAEB 
SHI FT ERE 

Performance of reflection phase shifters usingideal 
switches with various types of hybrids has been discussed 
in Chapter 5. In this chapter, performance of these phase 
shifters using three types of transforming networks (discussed 
in Chapter 4) with two-branch, three-branch and rat -race 
hybrid, is discussed, Bandwidths for various designs are 
computed for two specifications of the bandmdth (described in 
Chapter 5) and for wide range of diode reactances. Insertion 
loss of phase shifters for the three types of transforming 
networks are also evaluated. Various designs of these circuits 
are compared vis-a-vis minimum circuit size, minimum insertion 
loss and maximum bandwidth. 

During the discussions contained in this chapter two 
typical diodes have been used frequently for illustrating the 
effects of diode reactances. One of these is called high L C 
and has forward and reverse bias reactances around 20 ohm and 
-62.50 ohm respectively. The other diode celled low L-C 
diode has and X^^ as 2 and 400 ohm. 

5.1 BANDWIDTH OF PHASE SHIFTER CIRGHITS 

Bandwidth of a phase shifter as defined in Chapter 5 
can be specified in terms of phase shifter VE¥R and phase 
error. Two specifications of bandwidths considered there are: 
(i) VSWR ;5 1*2 » Phase error ^ ±2.5® and (li) VSWR .2, 

Phase error ?5±5°« These specifications are used for calcu ' ng 
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the BW of various circuits considered in this section. 

Bandwidth of phase shifters using two-branch, three - 
branch and rat -race hybrid with ideal switches has been 
discussed in C'-'ction 3.5. In this section, bandwidth of phase 
shifters using above mentioned hybrids with three types of 
transforming networks are evaluated and discussed. Transfor- 
ming networks using quarter wave transformer and single stub 
are used wi'th normal hybrids (with all port impedances same) 
while a network using single line length is used with impedance 
transforming hybrids. Closed form expressions derived in 
Chapter 4 are used for the design of transforming networks. 

Phase shifter circuits using these hybrids and transforming 
networks still have the axis of symmetry as in the case of 
phase shifters using ideal switches (Chapter 3). Hence, these 
circuits are also analyzed using the even and odd mode symmetry. 
To evaluate bandwidth, the nearest frequency point f^, at 
which at least one of the specifications (i.e. phase error or 
VSWH) is violated, is calculated. Bandwidth is computed 
using Bqn. (3.1). These calculations are carried out for 
various circuits and for a wide range of diode reactances. 

In all the cases bandwidths for 180° bit and 90 bit are 
calculated , 

5.1.1 Circuit Using 

In this section bandwidths of phase shifters using 
two-branoh hybrid and three types of transforming networks 


are evaluated. 
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5 . 1 . 1 . 1 t ^arter w av e transforminis: networ k 
X 80 o_bit 

Bandwidth of this circuit is plotted as a function, of 
diode reactance for two values of Xp (2.0 and 20.0 ohms) 
in i’ig. 5*1 * The curves with continuous Imes are for the 
bandwidth defined for Vd¥R$1.2 and phase error ^+2.5° and 
the dotted curves denote the BW for Vd'WR^I.2 and phase error 

Is mentioned in dection 3.5.1 » the maximum bandwidth 
obtained for 180° bit using two-branch hybrid and ideal 
switches for both the bandwidth specifications is 5 percent. 
This maximum bandwidth is obtained in the present case when 
Xp is large (20.0 ohm) and is independent of the reverse 
bias reactance (X^^) of the diode. For | 2.5° case, diodes 

with large Xp, give maximum bandwidth when ^ small and 
bandwidth decreases with Diodes with small Xp, (2,0 ohm) 

give lower bandwidth, which increases with increase in Xp. As 
the value of Xp is increased further, bandwidth approaches 
to the maximum value of 5/^«* 

90° bit 

For the ideal case discussed in bection 3*5.1 , the 
maximum bandwidth of 90° phase bit using two-branch hybrid 
is approximately 5.8'^» ^b.e case of a phase bit using 
non-ideal diodes the B¥ is plotted in Fig. 5.2. The bandwidth 
never approaches the maximum bandwidth value in the ideal 
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case when X^,, valu'^s upto 20.0 ohm are considered. Bandwidth 
is fo-und to decrease with Xj^. Diodes having higher Xj, value 
give slightly wider bandwidths. As )X^j increases the differ- 
ences in bandwidths reduce. I'or j 0 j 4 c 5 ° and smaller jX„| 
values variation of bandwidth with X^ becomes flat for both 
Xj,=2.0 and 20,0 ohms. 

Bor 90 ° bit of this kind ♦diodes having large L and C 
yield wider bandwidths. 

5 . 1 . 1 . 2 ding le stub transforming network 

1.80°_bit 

Bandwidth of 180° phase bit is plotted as a function 
of diode reactance Xjj^ in Big. 5.3* As before results for two 
values of Xj, (2.0 and 20,0 ohms) are presented. Single stub 
tyne of transforming network uses a open stub when >j X^X^j 
and a shorted stub for JXj,Xj^|. Instead of shorted stub, 

open stub longer than x/4 but less than x/2 can also be used. 
But the latter arrangement is found to give smaller bandwidth. 
Bor Xj. = 2 ohm, both bandwidths l0gK5° and t0gK2.5° increase 
as jXj^l increases and attain a constant value of 5> for 
|X^j> 100 ohm and 1 50 ohm, respectively. 

Bor X-cv = 20 ohm both the bandwidths increase with an 
increase in IX-nl value and attain a maximum value of bio. This 
maximum value of bandwidth is achieved at X^ = -100 ohms. 

At Xj^= - 125 ohm, length becomes 

zero. Shorted stub is used beyond this point and its length 
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IS longer. Hence the handwidths reduce suddenly to 2.37o for 
\ 0^\4 2 , 5 ° and 3 , 9 % for | 0^ U5°. 

Prom the above discussion it may be noted that diodes 
with low L-C yield the maximum bandwidth for this type of 
phase bit. Por these low L~C diodes the length of open stub 
used IS shorter throughout the range of diode reactances 
considered. This reduces the frequency dependence of the stub 
reactance and thus increases the bandwidth. 

90°_bit 

This phase bit uses shorted stub (less than quarter 
wavelength) throughout the range of values of and Pig. 5-4 
gives the plot of bandwidth. Prom this figure we observe 
that > for Xj,=2 and 20 ohms»the bandwidth is independent of the 
value of the reverse biased reactance (Xjj) of file diode and BW 
for |0„|<2.5° and BW for | 0^l ^ 5° are equal, 

Bandwidths in this case are limited by the VSWE. and not 
by the phase error. Since VSWR variation of the bit is not 
so sensitive to variations in diode parameters, bandwidth 
remains constant throughout the range of reactance values. 

The bandwidth obtained in this case for the chosen 
Xj, and Xj^ values is 5*4^^ which is comparable to the 5 » 8 % value 
obtained with ideal switches. 

This type of phase bit is most appropriate in the 
situations where variations in the diode reactances are large 
and one is aiming to achieve the same bandwidth for a number 
of similar circuits in a production run. 
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5.1 .1 .3 Network for use wit h impedance transf o rming hybr id 

Impedance transforming branch line couplers hare been 
described in the literature [ 36,37 3 » These couplers combine 
the functions of a directional coupler and two impedance 
transformers connected to coupled branches. Bandwidth of 
the impedance transforming hybrid is less than that of the 
normal hybrid. This BW decreases with increase in the value of 
the ratio of impedance transformation in the hybrid. However, 
this BW IS larger when compared with that of the combination 
of a normal hybrid and quarter wave transformers at the 
coupled ports. 

Although impedance transforming couplers have unequal 
input and output port impedances, still the network is 
symmetrical about 11 plane as shown in Big. 5.5 (inset). The 
analysis based on even and odd mode symmetry can also be 
applied to the phase shifter using this hybrid. 

I80o_bit 

Figure 5.5 shows the variation of bandwidth as a 
function of for two values of Zj,(2 and 20 ohms). Results 
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ai*s idanijical for fwo bandwidtih. spocificafions* d'h.is is 
explained by noting that in this case the bandviath is limited 
by the VbvJR and not by the phase error, lor both valu'^s of 
( 2 and 20 ohms) the bandwidth is found to increase with 
I Xj^l valu e . 

Diodes with large Xj, and values give wider bandwidths. 

This bandwidth is found to lie in the same range as for the 
phase bit using ordinary hybrid (Section 3.I.I.W. The maxi- 
mum bandwidth (for = 20 ohm and X^ = -500 ohm) obtained 
IS about 6'fo, 

90o_bit 

The variation of bandwidth as a function of -Xj^ is 
shown in Fig. 5.6. For |0^|^2.5° and Xp = 2 and 20 ohms, 
bandwidth is found to decrease with | Xg^j . Diodes with larger 
Xp give slightly wider bandwidth. It is found to be limited 
by the phase error and not by the VS¥R. 

On the other hand, bandwidth for 10^1^5° is found to 
increase first (in which range it is limited by Vd¥R) and 
attains the value of about As [Xg] increases further 

this bandwidth gets limited by phase error and starts aecreasing. 
It is worth noting that the maximum bandwidth obtained in this 
case (8.5%) is larger than for the phase bit using normal 
hybrid, which is about 5.6%. 

Thus »it can be concluded that if the tighter phase 
error constraints are to be met, diodes with higher Xg and 
lower |Xg[ (high L-C) are suitable for this type of circuit 
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For the relaxed phase error specifications ( \0 i.< 5°), diodes 
with high Xp and medium value of j X^| (around 250 ohm) are 
appropriate , 

5,1.2 Circuit Q sin^ fhree-Branch aybrid 

Two types of transforming networks are considered for 
phase shifter circuits using three-branch hybrids. These are 
stub type and quarter wave transformp-r type. 

5.1 *2,1 Quar te r wave transforming network 

1.80o_Bit 

Figure 5*7 shows the variation of bandwidth as a function 
of diode reactance for two values of Xj, (2.0 and 20.0 ohms). 

For Xr, = 2.0 ohm, bandwidth is found to 

i? 

increase with increase in | for both 10el^ 2.5° and 10^1^5°. 
That IS the diodes with smaller capacitance have wider bandwidth. 
For Xy = 20.0 ohm , bandwidth initially increases with and 

then falls off with further increase in |X^| value. Behaviour 
of the curve remains same for both the bandwidth specifications. 
Bandwidth of this phase bit using ideal switches (Section 3.5,2) 
IS found to be approximately 15/^' for 10g(<£5°,and 10,5y° for 
|0ei < 2.5°, 

The variation of bandwidth as a function of diode 
reactance for fixed values of Xp is shown in Fig. 5*8. 
Bandwidth is found to decrease rapidly with increase in jXjj 
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value. For = 2 and 20 ohms for I 0eL< 2.5° bandwidth 
decreases with | | , Similar results (but larger values) 

for I 0gl ^ 5° are obtained. In all the cases bandwidth is 
found to be limited by the phase error and not by VS¥R. Band- 
width using ideal switches (section 3.5.2) is found to be 
17.7/0 for 5°, and 12.5/> for |0^ I?: 2.5°. 

5.1 .2,2 S ingle stub transforming network 

1_80°_Bit 

Bandwidth of this phase bit is plotted in Fig. 5.9 as 
a function of diode reactance for two values of Xp (2.0 ohm 
and 20.0 ohm). For Xj, = 2.0 ohm, and for 10^1 $2.5° and $ 5°» 
it is observed that the bandwidth increases with X^ . Only 
open stub is used over the given range of X^^. hor 1^, = 20 ohm, 
bandwidth increases rapidly with |X^ | , till the point 

reached. For X^X^^l shorted stub of longer 

length IS desired and hence the bandwidth becomes low abiuptly. 
Bandwidth is found to be limited by phase error only. 

fhus, for this type of circuit, one should use diodes 
with small Xj, and large [X|^| (low B-C) so that only open 
stubs of shorter lengths are used and wider bandwidths are 
obtained . 

90°_Bit 

Figure 5.10 shows the variation of bandwidth as a 
function of Xj^. For Xp = 2 ohm, and | 0^1 « 2,5° and \ 0 ^\ .<5°, 
bandwidth remains nearly constant with increase in j X^^j . 
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Bandwidth for i0Ql^: 5'^ is larger than for j 0 I ^2.5°. For 
jLp = 20 ohm, for both the specifications of bandwidth 
(I0el ■^2.5“ and 10^] <5°), bandwidth is found to decrease with 
increase in jXj^l value. 

5*1*3 Oircuit U s ing Rat-hace nybrid 

In this section phase shifter circuits using rat-race 
hybrid and two types of transfoming networks are considered. 

5*1 .3.1 Qu a rter wave transforming network 

1_80o_Bit 

i'he variation of bandwidth as a function of diode 
reactance Xp for fixed values of is shown in I'ig. 5*11* 

Ihe variation of bandwidth in this case is found to be identical 
to that of three-branch case discussed in Section 5*1. 2.1. The 
maximum bandwidth over the range of the diode reactances 
considered is more in the three-branch case as compared to 
rat-race case. For = 20 ohm, the majcimum bandwidth { 0^] ^ 5° 
for three-branch hybrid case is approximately 1 compared to 
that of 11, 5/^0 for rat-rsce hybrid. 

Figure 5.12 shows the variation of bandwidth as a 
function of diode reactance Xp for two values of Xp (2 and 
20 ohms). Variation of bandwidth in this case is also founo. 
to be similar to that in the three-branch hybrid case 
(Sec, 5, 1,2,1). The maximum and minimum bandwidths for the 
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given ’bandwidth, specifications are of the same order of 
magnitude in the two cases. 
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5.1 .3*2 Single stub transforming network 
180 o_Bit 

I'he variation of bandwidth as a function of diode 
reactance is shown tn fig. 5.13. As in the case of 
three-branch hybrid (Sec. 5t1.2,2), for Xj, = 2 ohm, bandwidth 
(for both the specifications) increases with [ Xj^[ . The 
maximum bandwidth achieved in this case is less than that 
achieved in the three-branch case, for example, the maximum 
bandwidth for l0Qt-'’^ 5° in the case of three-branch hybrid is 
approximately 18?& as compared to approximately 12% in the 
case of rat-race hybrid, for Xj, = 20 ohm, similar variations 
are obtained in the two cases. 

gQo^Bit 

Figure 5.14 shows the variation of the bandwidth in 
this case as a function of X^. For Xj, = 2 ohm, the bandwidth 
(both for |0 q| 5® and 1 0J < 2.5°) is found to increase with 
|X^1 . For Xj, = 20 ohm and 1 0j 4 2.5°, bandwidth is found to 
increase with |Xj^| initially and then decreases with jXj^l* For 
Xp = 20 ohm and \ 0 ^\ .<5° bandwidth increases sharply to large 
value and then decreased slowly with | . The maximum 

bandwidth achieved is approximately 34%. This value is much 
larger than that of using ideal switches, in which case the 
B¥ is 18.6% (for |0 qK< 5°). This large bandwidth is due to 
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the ripple type behaviour an the phase error versus frequency 
plot . The phase error increases but starts decreasing, before 
reaching 5*^ magnitude. Subsequently , the frequency where it 
becomes 5® on the other side of the nominal value determines 
the bandwidth. 

5.2 INSERTION nOSb OF PHASE SHIFTER CIRCUITS 

The insertion loss of a phase shifter depends on (i) 
series resistance of the diode (ii) other parameters of the 
diode and (iii) the type of transforming network and the 
hybrid used. For computing the insertion loss of the phase 
bit, the method of analysis discussed in Chapter 3 is used. 

For insertion loss computation , lossy diodes (with Rj,=Rj^=0.5 ohm) 
are considered. The values of the insertion loss have been 
computed only at the centre frequency. If the transmission 
line losses are ignored, the insertion loss at centre frequency 
becomeb independent of the hybrid type (all hybrids are consid- 
ered ideal at the centre frequency) and depends only on the 
diodes and the transforming networks. 

In this section losses in phase shift networks for both 
180° and 90° bits are computed for a = 0 dB/X and a = 0.2 dB/X. 
Insertion loss of phase bits using two-branch hybrid with three 
types of transforming networks, three-branch and rat -race 
hybrids with two types of transfoiming networks, are 
discussed. 

5 • 2 . 1 Cir cuits U si ng Quarter J[ave_'Jransformln£_Netao^ 

Figure shows the variation of insertion loss as a 


INSERTION LOSS (dB) INS. LOSS (dB) 



-Xfi ( ohm) 

HO* 5,15 VMXATlOi 01f‘ % lOR iaO» AW 90® 
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function of reverse bias reactance for two values of 
Xp (2 and 20 ohms)* Transmission line losses are ignored 
in this case. Hence > this represents the losses of the two 
phase shift networks (transforming networks and diodes). 
Insertion loss is found to decrease with increase in reverse 
bias reactance jX^j for both 90° and 180° phase shifts. In 
the forward bias state the insertion loss is more than that 
in the reverse bias state. Typical loss values are 0.1 6l dB 
for 90° bit and 0.856 dB for 180° bit (for = 0.5 ohm 

and Xj^T = 2 ohm, l%l = 50 ohm) . Diodes with larger X^^ values 
give smaller loss in the forward bias state. 

Figures 5*16 to 5.18 present the insertion loss of the 
phase bits using two-branch, three-branch and rat-race hybrids 
including line losses (0.2 dB/x ) for both 90° and 180° bits. 
These plots display the total loss of the phase bit. Both 
line losses and diode losses are dependent on the diode react- 
ances. nine losses change because of the change in line lengths 
and impedances of the transforming network for the given 
set of diode reactances. 

As seen from Figs. 5.16 to 5.18, the 180° bit gives 
high loss for small Xp value (2.0 ohm). Hence diodes with 
larger Xp values should be used in this type of phase shift 
network, 

5*2.2 Circuits Using Bingle btub TranM oimia£^e:^rk 

Insertion loss of a phase shifter circuit using single 
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stub transforming network is computed for different diode 
parameters. Uh^'n the line losses are ignored (a = 0 dB/X ), 
the insertion loss of the phase shifter becomes independent 
of the hybrid type ana the loss is only due to the phase shift 
network used. 

Variation of insertion loss as a function of X- for 

jX 

different X^, values (2 and 20 ohms) is given in Big. 5.19. 

Diodes with large | X^| and large Xj, give lower values of the 
insertion loss. Insertion loss in the reverse bias state 
becomes independent of X^,. loss in the reverse bias state is 
found to be much lower than in the forward bias. As with the 
quarter wave transforming network, phase bit of 180° gives 
more loss as compared to 90° phase bit. Bor 180° phase bit 
and Xj, = 20 ohm, the stub length becomes zero at Xg^= -125 ohm. 
for jXj^l <125 ohm, an open stub is used and for j Xg^| >125 ohm 
a shorted is being used. It is to be noted that stub type of 
transforming network is found to give less loss than quarter 
wave transformer type of network (Section 5.2.1). 

B'lgures 5.20 to 5.22 show the variation of insertion 
loss in the particular cases of two-branch, three-branch and 
rat -race hybrid using single stub type network for a line 
loss a = 0.2 dB/X . It is to be noted that line losses 
become dominant and there is not much variation in insertion 
loss due to diode reactances. Phase bits using three- 

branch and rat-race hs'^brid have nearly identical loss characterx- 

{ 

istics while circuit using two-branch has little lower loss. 
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5.2.3 Jlsing.._£fflpe dance , Tran af nmn Hx'^id 

Ins(>T'tioti loss variation of th.e pliase shift network of 
this tj' pG vrith. zero line loss is found to he exactly same as 
for thr> phase shift network using quarter wave transformer 
(t3ection 5.2.1). i’his is due to the fact that the equal RF 
currents flow through diodes in both of these circuits at the 
centre frequency. Chus,the discussion of Section 5.2.1 applies 
here. 

For a typical phase bit using two-branch impedance 
transforming hybrid with line loss 0»2 dB/x and the above 
mentioned network, thi plot of insertion loss as the function 
of diode rv*actance is given in Fig. 5.23. Both 90° and 180° 
bits are found to have less loss as compared to the phase 
shifter circuits using normal two-branch hybrid and quarter 
wave or single stub type transforming networks. The reason 
being that the shorter line lengths are needed for the phase 
bit using impedance transforming hybrid. Size of the circuit 
also becomes smaller in the latter case. 

5.3 COMPARISON OF PHASE SHIFTER CIRCUIT FOR BANDWIBTH, 
INSERTION LOSS AND SIZE 

Bandwidth and insertion loss of phase shifter circuits 
using two-branch, three-branch and rat-race hybrids with 
three types of transforming networks have been studied in 
Sections 5.1 and 5.2. This section presents a comparison 
of these phase shifter circuits for handwidth insertion 
loss and size. latle 5.2 end 5.3 give bandwidth end insertion 
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1 61 


loss performancP for the typical diode parameters. Two sets 
of t:ypical diode parameters (one with low L-C and the other 
with high L-C) are selected in each case. 

5 • 3 . 1 Ban dwi d th 

Phase shifter circuits using two-branch hybrids for 
1d0° bits, both transformer type and stub type transforming 
networks are appropriate if diodes with low L and C are used 
for I0gl^ 5°. If tighter phase variations are desired (say 
100 2 . 5 °) stub type transforming network is the best choice. 

Por diodes with high n and C»quarter wave transforming network 
IS the better choice. Phase bits using impedance transforming 
hybrid and its associated network give wide bandwidths when 
diodes with large and large are used as compared to the 

circuits using normal two-branch hybrid and other transforming 
networks (quarter wave transformer and stub type). For example, 
diode with ~ 20 ohm and 1-^ = -500 ohm gives bandwidth 
approaching 6?^ which is independent of the phase error speci- 
fication (i.e. the M is limited by VBWE. specification). 

A 90® bit using two-branch hybrid and quarter wave 
transforming network does not require diodes with low L and C 
to get wider bandwidths, a diode with large Xj, and small jX^j 
(high L and C) is most appropriate. For normal two-branch 
hybrid ,stub type network seems to be a better choice. Impedance 
transforming hybrid with its transforming network gives the 
widest bandwidth approaching approximately 8.5/o for 20 ohm 
and X^ = -200 ohm for ;<5°. 
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1 hase shifter circuits using three~branch and rat-race 
hybrids with quarter wave transforming networks give narrow 
bandwidths than for stub type networks (180° bit) using low 
jj-G diodes. When diodes with high L,C are used, bandwidth 
using stub type network is not much affected, while with 
quarter wave transformer it is found io improve to a great 
extent, i'or 90° bit, using transformer type network only diodes 
with high L and 0 give usable bandwidths and it sharply reduces 
with increase in j | . For 90° bit, stub type network is 
most suited to all diode types. Phase shifters using three - 
branch hybrids are in general have wider bandwidths than the 
circuits using rat-race hybrid, Tables5*l(a) and (b) give 
bandwidths using ’low L-C ' and ’high L-C' diodes, respectively 
for various types of phase shifter circuits considered in 
earlier discussions. 

For several configurations discussed in this chapter ,it 
has b»en observed that high L-C diodes yield wider phase shifter 
mi than low L-C diodes. Phis is true for all cases except 
for stub type transforming network where a short length of the 
stub becomes more significant than diode reactances for 
obtaining a wide bandwidth. 

For high L-C case, the configuration may be compared 
with lumped-element reflection phase shifter discussed by 
Carver [lO] ♦ Heactance values for a typical 45° bit considered 
in ClOj are:C^ - 8.8 pf and 0^ = (1-a)C at 1.0 CHz frequency. 
This corresponds to Xj, - 18 ohm and ~ -14.55 ohms which 



accord iny to our terminology corresponds to a high L-G 
di od e . 

5.3,2 Insertion Lobs 

Insertion loss of the phase shift networks {i,e. when 
ot = 0 dB/X ) IS found to decrease in general , with the increase 
in the reverse bias reactance of the diode. In other 

words, diodes having small reverse bias capacitances would yield 
lower loss, forward bias reactance Xg, of the diode is found to 
have considerable effect on the insertion loss for smaller 12^1 
values. Insertion loss in the reverse bias state does not 
depend much on the diode parameters. Diodes having small 
inductance and large capacitance give very high loss in the 
forward bias state. 

When the transmission line loss of 0,2 dB/x is considered, 
the total loss of the phase bit is obtained. The variation of 
this loss with is mainly governed by the loss due to the 
change in the transmission line length and not by the variation 
in diode losses (which are small if and Rjj^ are small). Tables 
5.2(a) and (b) give insertion values for 'low L-C‘ and 'high 
1~C' diodes for a = 0 dB/x 0*2 dB/ X . From the table we 

see that phase bit using impedance transforming two-branch 
hybrid gives the lowest total loss, for both 180° and 90° bits, 
as compared to other circuits. 

5*3. 3 diae 

The substrate area required for a phase shifter circuit 



corresponds to 0^ x where and ©^ are the electrical 
lengths in the longitudenal and the transverse directions , 
respectively, the phase shifter circuits using a quarter wave 
transforming network and those using impedance transforming 
hybrid, do not reqtare extra lengths in the transverse direction. 
Th« phase shifters using stub type network require lengths in 
transverse direction. These extra lengths depend on the size 
of the stubs to be used which in turn depends on the diode 
parameters. 

In the case of transforming networks of quarter wave 
type and impedance transforming type, the diodes with large 
Xj, and small | (’high L-G’ diodes) require shorter electrical 
lengths for both 180° and 90° bits. The quarter wave network 
requires additional 90° length for the transformer while the 
transforming network used with impedance transforming hybrid 
does not require this 90° length, since impedance transformation 
has been incorporated in the hybrid itself. Hence, the circuit 
using impedance transforming hybrid has smaller size. 

Phase shifters using stub type transforming networks are 
larger in size. When the stubs used in each coupled port can 
not be accomodated in the space between the coupled ports, 
dimensions in transverse direction also increase. Hence, 
stub type circuits are not suitable where small size is the 
dominating factor. 




TABLE 5.1(b)- Bandwiath of phase shifters using 'high L-C diodes 

20 ohffl & .Xp = 62 *5 ohffl) ■ 
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TABLE 5»2(b), Insertion loss of phase shifters using ’high L-C diodes 

~ 20 oliiB & Xp = 62 « 5 oixni) 
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TRN^ , TRN2 and TRN^ are defined in Table 5.1 (a). 
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Ei'FJilCT OF jDIODE PARMETERS ON PHASE SHIFTER PERFORMANCE 
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Characteristics of PIN diodes used in. phase shifters 
vary from unit to unit because of manfacturing tolerances. 
These variations can be as large as 10% above or below the 
nominal specified values, bince a large number of phase 
shifters are used in a practical phased array system, it is 
desirable to evaluate the effect of variation in diode para- 
meters on the performance of the phase shifter. A study of 
this type has been reported [18] for one type of the circuit 
design which uses a shorted line length behind a shunt mounted 
diode. Similar study for the other commonly used design 
(diode mounted at the end of a transmission line) is not 
available * 

This chapter deals with the effect of variations in 
diode reactances and and diode resistances Rp and 
on perfowaance of phase shifters based on various designs 
studied in Chapter 4. As mentioned there »three types of 
transforming networks are used in these designs. Also, the 
effect of unmatched diodes ( Pa ^ Tj) on phase shifter chara- 
cteristics 18 evaluated. This study is useful in predicting 
the maximum deviations in diode parameters which can be 
tolerated for the given specifications of a phase bit. 
investigation also brings out the critical diode parameters 
effecting the phase shifter performance. 
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In the study reported in this chapter, changes in the 
reflection coefficient at the input of the transforming 
network (caused by the variation in diode parameters) have 
been evaluated. It may be noted that these results are valid 
at the design frequency for the complete phase bit (including 
hybrid) if the mismatch error of the hybrid and the trans- 
mission line losses are ignored. 

6.1 BFI'WCT OF DIOBB KBACTMCBb 

Nominal values of diode reactance in forward bias may 
typically range from 1 ohm to 25 ohm. In reverse bias the 
reactance varies from -50 ohm to -500 ohm. Actual values 
for a particular diode may differ from the nominal values due 
to tolerances in diode fabrication process. Effect of these 
variations can be evaluated by finding sensitivity of differe- 
ntial phase shift A0 with respect to diode reactances, namely 
Xj and X^. These sensitivities are evaluated in this 
section. 

To evaluate the sensitivities of A0 with respect to 
Xp and the phases of reflection coefficients of the phase 

shift network (transforming network and diode) are first 
arrived at. From partial derivatives of these phases with 
respect to X^ and sensitivities of A0 can be evaluated. 
These calculations have been carried out for three types of 
transforming networks which are commonly used. 

6 . 1.1 d enaitivitles o t NMaork^for JJsejia thumped an^ 

Tragg fSjmi ng flybrji 

Figure 6,1 (inset (a))shows a phase shift netwoik to be 
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used wi-fch impedance transforming hybrid (Chapter 4). It is 
to he noted that the line length of impedance connected 
between hybrid port and diode for equalization of reflection 
coefficients in two states, does not change &0 and is therefore 
not considered in the present analysis. 


Reflection coefficients 


states can be written as 
2 




+ 1 2 X-C.Z 


2 2 

+ Z 

R m 

(X^ - Z^)+ n 2 X,Z 
^ R m^ R m 


R 


~~T 

+ K 

R m 


at plane AA for the two diode 


(6.1a) 

(6.1b) 


Partial derivatives of the phases of reflection coefficients 
are: 



JC 


2Z. 


m 


—Ty— 

XJ + z 


2 

m 


(6.2a) 




(6.2b) 


Derivative of 0j, with respect to Z^, and that of 0-^ with 
respect to Xj, are zero, since phase in one state does not 
depend on the reactance of the other state. Since the diffe- 
rential phase shift A0 = 0ji " 0 r» 



( A0) 


3 0. 


3X 


■R 





(6.3a) 


and 


(6.3b) 
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Mow the value ot Z can be substituted in terms of and X^ 

i5 K 

for a particular phase bit. 


In this case is given by hqn. (4.7) as equal to 
J-XpXj^ and jilqns. (6.2) may be rewritten as 

/ Xn . 


2 ./- 


3 1 


TT 


(6.4a) 


-5-Xji (T-yx^T 


(6.4b) 


It may be noted that X£ is negative as in Chapter 4. 

Sensitivities of a0 with respect to Xj, and X^ may 
now be written as 


( A0). 


rT=oo 


(6.5) 


= ( A0). 


TT-^T 


(6.6) 


Where is the senBitivlty of function A with renpeot to 

JD 

parameter B. It may be noted that sensitivities with respect 
to X^ and X|^ are equal in magnitude. 


20®„Bhase_Bit 

In this case is given by Bqn. (4-8) as, 





1 VMa.AMu« or AKB >4? * 1*0 Xg/Xj rofi ibo« Axto 90“ 
ii.A,iS o^isl 1) f08 ^ imcSAMOs 

ffuoim 
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175 


£0,113.11X0118 (6*2) in IjIiis c 3S0 niciy t)8 x*0win*t*t6n q,s 


3Xj, 



Y _ 
1+Y^ 



It 


2_(^)-_j;, 

% {?+]!^/x|) 


(6.6a) 

( 6 . 81d ) 


where 

Y = ^ ( 1-VX5) *J\ (i-Vir )2 - 

Sensitivities can he evaluated using Bqns. (6,8) and are 
given as 


A0 

’X 


0 




JX 




_Y _ 

(Y^l) 



Y 

(Y^+X^/X^) 


(6.9) 

(6.10) 


6,1.2 Sens itivities of Transformer Type If et work 


Phase shift network using quarter wave trensformer is 
very conamonly used in phase shifter circuits. Figure 6.1 (inset 
(h)) shows the netwoik of this type (discussed in Chapter 4). 
Ref I'-'ction coefficients of this network in the two bias states 


at plane AA may be written as 




^0 ^ ^ 
Zq Xp ■“ 3 


■R 


Zo - 3 4 


knowing 0p and 0^, from Bqns. (6,11), 


(6.11a) 


(6.1 Ibj 


3 0v ^ 

and - r^y '- can be 

9 Xp " Xp 
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obtained and are given as 


3 X-M 


2 *^ + 


Lh = _ 

^ % zj + Zq}^ 


( 6 . 1 2a) 


( 6.1 21 .) 


Value of Zq, depends on diode parameters and desired phase shift 
(Chapter 4). For 180° phase bit 



When above expressions for 2^ are used in Fqns. (6,12) for a 
particular phase shift, the Bqns. thus, obtained are identical 
to Bqns. (6,4) and (6.8). Thus the expressions for sensitivities 
are same as given by £qns. (6.5)» (6.6), (6.9) and (6,10) for the 
case of network to be used with impedance transfoiming hybrid. 

Sensitivities of differential phase shift with respect 
to parameters Xp and Xp, evaluated above, are plotted in 
Fig, 6,1 for both 180° and 90° phase bits, as a function of 
X^/Xp, It is observed that diodes with low X^/X^, ratio are 
more sensitive to Xp variations than diodes with higher x^/X^ 
ratios. For example, a diode having X^/Xj, = -60 has 
sensitivity of a 0 with Xp for 180° phase shift as 0,08, hence 
a + 5% variation in Xp would give about +0.4> phase deviation. 
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plot of sensitivity with respect to (mainly the capacitive 
reactance of the diode) as a function of X-^/X^ is also given 
in Pis* 6.1. Por 180° phase bit, sensitivities with and 
are equal in magnitude. 90° phase bit is more sensitive 
to variations and the sensitivity does not depend much on 
the quality of the diode {X-^/X^ ratio) used. Let us again 
consider a diode with = -60 which has sensitivity of 

approximately 0.64. A variation in X^ causes a.bout +3.2:;^ 
(+2.9°) variation in differential phase. 

In the above discussion it is assumed that when the 
variation in one kind of reactance (i.e. X^ or X^,) is considered, 
the other reactance remains fixed. In a practical situation 
both the reactances may vary. lo obtain the worst case phase 
variation in A0 the magnitudes of variations due to individual 
reactances are added. 

6*1.3 t-’ensiti vlties of bingle Btub.Tir£e_Network 

Pigure 6.2 (inset) shows the phase shift network of 
single stub type, discussed in Chapter 4. this case also, 
the additional transmission line length used for equalization 
of reflection coefficients is not considered since it does 
not affect the present analysts. 

i§2°>lliiase_Bit 

Por 180° phase bit, when z2>| X^i^ ], an open stub is 
used (Section 4.3*3)* In the present discussion it is 
assumed that an open stub is always used and the value of 
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can accordinfily be adjusted to take care that throughout th 
range of practical diode parameters the above condition is 

satisfied . 


•I'ho reflpotion coefficients Fj, and Tg at plane AA are 
found to bo 

T, „ 1 ^ ^^Q-XytanO^ ) -"(-Ip ^ ~3(2j,+Z^tan&^ ) 



*** l/EnOj 


for 


To evaluate tho sensitivities, partial derivatives of the 
phases of reflection coefficients with respect to diode 


reactances are required. These can be evaluated as 
9 0p _ az^d+tan^©^) 

(X^i+Z^tan©^ )^+ jj^ZQ—XytanO^ )“tan 62 ( 2 j<+ZQtan©^ )] 


(6.17a) 

■9 0^;^ ^ 2Z^( 1+tan^©^ ) 

(%+Z^tan©i )-tan©2l%+2otan0^ IP 


(6.17b) 
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The electrical lengths and depend on diode parameters 
and the phase shift desired. Por 180^ phase shift they are 
given by ( Bqns. (4. 1 8) and(4.23)) 


tan©^ = - 

tan©2 - (6.18b) 

Substituting for tan©^ and tan ©g into Eqns. (6.17), we get 


S0j._ 2zyi+x2/z2) 




Xp(1-Xr/%) 




3 


R 


1 


^0 ‘ (l+x|/Z^) 


( 6.19a) 


(6.19b) 


Sensitivities can now be evaluated using Eqns. (6.19) and 


are given 

as 




0*0 _ 

Dy ’ 

Xp 
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* 

i- 2 !o 

TT TT ‘ Zjj^ * Xp 

(l+x|/Zo) 

(6.20) 

« . 
D •nr 

30i^ 3 

a- 2 

1 

(6.21) 

3 "Xj^ • ■' 

r TT * Zq * 

(1+2|/ZoJ 

^0°__Phase_ 
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For 90° phase bit, a shorted stub is usea instead of the 
open circuited stub and the evaluation of the reflection 
coefficients proceeds the same way as for 180° phase bit. 

The partial derivatives of 0j, and with respect to diode 
reactances are evaluated as 

3 0 J, _ ZZ^d+tan^©^ ) 

(Xp+Z^tan©^ )^+[(ZQ-Xptan©^)+(i^p^-2otanO^ )cot©2] 


(6.22a) 



1 ?o 


3 0 


E 


9X. 


2Zq( 1+tan'^&^ ) 


•R 


(Xj(+a„tane,) ^ [ (a„-]^tan6,)+(Xjj*i,^tane,)cote2] 


(6.22b) 

For 00° bit, electrical lengths and ©2 are related to diode 
reactances (Bqns.(4.18) and (4.50)) and are given 


as 


tan9 

cot9o 


1 t-V^o 


(6.25a) 

(6.25b) 


Substituting for tan9^ and tan ©2 in nqns. (6,22), we get 


”3X 


z„ (1+X^/Z^ ) 


■F 


4 * (1-vv^ 


(6.24a) 


3 0 
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3 Xr 


^0 ' (itJL^/Z^) 

Row the sensitivities can be evaluated as; 
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Xp 2 ^0 ^R ( 1 

r-^ ■ wm^~ ■ \ - h ' dVh)' 


3 0 ],, 


(6.24b) 


(6.25) 



(6.26) 


Equations (6.20), (6.21 ), (6.25) and (6.26) are plotted in 
Figs. 6.2(a) and 6.2(b). We observe that additional parameter 
X^/Zq has been introduced in this case. 

Figure 6.2(a) gives the sensitivity of A 0 vrith respect 
to as a function of diode reactance ratio different 
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values or ratios. >/8 note tli&t diodes witn large 

less sensitive to variations in X^-,. For a 
Xixed, A|^/Ay ratio » sensitivity becomes large for highL-^r X-/Z . 

To consider an example, a diode with a-7x^ = -60 and X-/7 = -5 

gives sensitivity oi approximately 0.05, hence a + 5/o variation 
in would give about + 0.2573 phase deviation. It is to be 
noted that lor both 180° and 90° phase bits the sensitivities 
are same m this case. 

Figure b.2(b) shows the plot of sensitivities with 
respect to Xj^ for both 90° and 180° phase bits. In this case 
also the 90° phase bit is found to be more sensitive to X^ 
variations than iu0° phase bit. It is to be noted that the 
parameter X„/a., ooos not appear in the sensitivity expressions 

K J? 

ana the s-’nsitivitic-G depend only on the reverse bias capacitance 
of the diode. Lot us consider a diode with X^^, = -300 ohm and 
If Zq " 50 ohm, Aj^/Zq -6,whicn gives sensitivity for 180° 
bit as 0.1. A 57o vari-^bion in X|^ would give about +0,5/° variation 
in A0 lor a 1£^0° bit. A 90° bit would ^ive a variation of 
approximately + 1/o in 

6.2 Ri'FiiCT Oi' LlOUF Rii)8l oTA^TOBb 

Design equations for the transforming netvrorxs 
described in Chapter 4 assume the diodes to be lossless, this 
IS 3 ustified since the chrngo in differential phase shift 
due to finite diode resistance is very small. In this s-ction 
this Chang.' is studied quantitatively lor three types of phase 
shift networks. Variation of phase shifter characteristics 
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with the resistances and is evaiupted. As the effect 
of Rji and on a 0 is found to he very small, corresponding 
sensitivities have not been studied. Variation of insertion 
loss with Rj^, and R^ is also reported. 


6 » 2 # 1 Phase 8hift Netw o rk U sinja: Uiarter rave Iransfo m er an d 
the iNletwork for Use with Impeda n ce f ransf orminiS. Hybri d 


Figure 6.5 (inset) shows thi phase shift networks of 
the two types. Diode is considered to have non-zero R-,, and R^. 


fhe expressions for the phase shuts 0^ and 0^ for non- 
zero R^, and Rj^ can be derived for network used with impedance 
transforming hybrid. 


0 


P 


tan 


2 

iptAy 






i6,27a) 


and 


0 


R 


tan 


2 Vm 


(6.27b) 


In this case is given by Substituting for 

’ in Bqns. (6.27), we get 


0J, - tan’ 


2 


r;:r- 


1 +Xg^/ZjitRp/Dj'. _ 


and 


0j^ = tan" 


•1 


1+ w* + 

% 4 


h 


(6.28a) 


(6.28b) 
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Bifects of Rj, and on A0 are studied independently, ¥e 


define 


~ ^R_g, 


(6.29) 


K' 


( 6 . 30 ) 


where 0j_^ and 0^, refer to the lossless diode case. Insertion 
loss of th'^ phase shift network considered can he evaluated 
from the reflection coefficients in the two hies states. For 
180*^ phase hit T,, and are given by 


0 +3 2 


( 6.31 a) 


^ .(l4-R|/}i^) + 32 





(6,31h) 


Losses in dB's are given hy 

( ^F ,. rnr t' + il^ 


Lp(dB) 10 log^Q (1+Xp/Xj,+R|/4|)^+4.(“%/lp) 


( 6 . 32 ) 




I^(dB)=10 log,o 7x:>2 r, " 2 


-t- % * % JLillilZi 

(Sf ^ "+4(-V^p)] 


(6.33) 


As in the case of sensitivity expressions derived in 
Section 6.1,1 and 6.1.2, expressions for Lj, and for circuits 
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using quarter wave transformer type network are found to 
be identical to Eqns. (6.32) and (6.33) above. 


I'igure 6, 3(a) and (b) shows the variations of percentage 


phase deviation and loss as a function of and for 

" i! xi 

different values. The parameter percentage phase 


deviation (0,-,) is defined as 


0., (Percent) = 


A0P - A 0 


. 100 


( 6 . 5 ^ 


where A 0 is the differential phase shift when both Rj, and R^ 
are zero. We observe that the deviation in phase values due 


to IS typically less than one percent. Por example, a diode 

with Xjj/Xp = -50 and Rp/Xp = 0.4 has values of 0^^ and 1^, 

F 

approximately 0.028 percent and 0.96 dB, respectively. 0^ of 

jj 

0.028 percent corresponds to a phase deviation of about 
0.050 in 180® phase bit. figure 6.3(h) shows the variation of 
loss as a function of Phase deviation 0 -^ is not 

plotted in this case, since these values are at least an order 
of magnitude smaller than the corresponding values in the 
forward bias case. 


90o_Phase_Bit 

Por the 90 ° phase hit the phases and the losses in the 
forward and reverse bias states are derived to be, 


05 



(6.35a) 

(6.35b) 
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Lj=10 log^Q 


Lj^=10 log^Q 






% * % 


2 _?- 


d2 y2 -jZ 

,2 • ,2 ^ iT 


^P Xp 


1^ x2 ■ 

y 2 ' +4 % .r 

Xp 


where T ^ (1"-Xj^/Xp)+ -. Xj^/X- 


(6.36) 


(6.37) 


Figures 6.4 (a) ond (b) show the variations of 0jj and the loss 
with Rp/Xp and for 90° phase bit, Phese deviations due 

to finite Rp are much less in this case (typically less than 
0.015«&) as compared to those for 180° bit. For example, a 


diode with Xj^/Xp = ~50 and Rp/Xp = 0.4 has 0 -^ of approximately 


0.0009?^ for 90° bit as compared to 0,028% for 180° bit. 


Forward biased loss (Ip) in this case is also found to be 
smaller, a value of 0.13 dB as cempared to 0.96 dB for 180° bit. 


In the reverse bias case, (Fig, 6, 4(b)) it is observed 
that both the phase deviations and the loss do not depend 
much on X^/Xp ratio of the diode. It may be because of the 
fact that typical values of Rp/Xp for practical diodes (as 
considered in Fig, 6, 4(b)) are considerably smaller than the 
ratio Rp/Xp considered in Fig. 6.4(a), 

6.2.2 Phase 8hif t I'etwork I3sing„ SiMi^tH:fe 

This type of phase bit is shown in Fig. 6.5a (inset). 
For the present discussion the diode impedances in two bias 
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states are taken as and Zr=\+3Ij^. As before, for 

calculation of 0. and the loss, the effects of R-„ and are 

x Ja 

considered independently, 
i8Q°„Phase_Bit 

As discussed earlier, for 180° bit, an open stub is 
used. The expressions for and are derived as- 

( -Rptan ©) -3 [ (Rj,-Zq ) +Xptan©+ZQtan©^ tan ©2 ] 

Tz “+ii^t"an^+3Y”TR J^o7+i^an©+Z^ane““ fcan©^ ( 8 - 38 ) 

where = Xj-.+Z^ tan©^ 

tan© = tan©^ + tan ©2 

The corresponding expression for can be obtained by 
replacing by and Xj> 

Phase of reflection coefficient, 0^^ and loss(Lj,) can 
be evaluated from Bqn. (6.38) and using the design Eqns.(6.18), 
For 180° phase bit, we get 


2 K.^(h|/X^) (Z q/X^) 


where K. = w- 

1 Ap 

and 


I.j,(dB)=10 log^Q 


(i+x^) 

Xjj' 

+ p -d-Vh^' 


(6.40) 



F. B. LOSS (dB) ^ 7o PHASE DEVIATION (0 
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K x^ 

where K_ = , —2. ^ ^ ) 

p Y i*Y ♦y •\J‘ p/ 

JLp JL^ JLj. 

bimilarly, expressions for 0^^ and Lj^ can be derived and are 


given as follows: 


0j^=tan 


-1 


R. 


2 K, 


■R 




1 xg • Z, 


r| 

R 

^ 2 ;, 


■ P • i i + P (74/z2+2)+1 

^o ^ -^R ' ^0 


and 


r 4 z 


I^(dB)=10 log^Q 


ILJk. 

■p 2 7 2 

^R "^0 


H. ^0 „2 £0 + ia i 

f ■ S ' % ^0 ) 


,(% ^ hf 




(i+x|/z^) 

where x * TT-X 7x^T~ before. 


(6.41) 


(6.42) 


Differential phase shift 40^^ and 40^^ can be evaluated 
using Bqns. (6.29) and ( 6 , 50 ). 


Figures 6. 5 (a) and (b) show the variations of phase 
deviations and loss as a function of Rj,/Xp. In this case it 
IS necessary to consider another parameter X^^^/Z^ and computation 
are presented for two typical values of namely -2 and 

-8. We find that both phase deviation and loss are higher for 
Xj^/Zq = -8. This may be clasified as follows. As X^/X^ is 
constant, large Xj^/Z^ implies a large Xj. and hence a large R^ 
(for same value of Rj,/Xj, ratio shown along abscissa). Consider 
a diode with X^/Z^ =-8.0, if = 50 ohm, would be -400 ohm. 
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For Xg/Xj, = -20, corresponding X^ is 20 ohm. If B^/Xp ratio 
considered is 0.8, R^, is 1 6 ohm which is a large value. 

Figures 6.6(a) and (h) show the plots for 0 t> and L^, 

®R ^ 

as a function of Both phase deviations and loss are 

seen to increase with Value of X^/Xj, has a very small 

effect on 0^. and practically no effect on the loss. 

R 

90o_Phase_Bit 

For 90° bit shorted stub is used. The expression for 
Tp is derived to be, 

[ (Rp-ZQ)tan©^ -Xp-RpCot©2]+D [Rp-Z^+lptan©^ -Z^cot©2] 

“ flR^Z~y^ne^-X^^ot©2J+3X-^+Z'^.^;TSi©”+Z!j'cot©^ 

(6.45) 

where Z^ = X^, + Z^ tan©^ 

Expression for Tp can be written by replacing Rp by R^ and 
Xp by X^. 

Phases 0p and 0 ^ can be calculated % from fp and 
Line lengths ©^ and ©2 are computed from the design equations 
( 6 . 23 ) for 90 ° bit, relating ©^ and ©2 to Xp and Xp of the 
diode. Insertion loss in the two states can be calculated 
from and Tp. Expressions for 0p, 0p» Lp and Lp are given 
by the following equations. 

-r2 

0p= -tan"’’ 2 

2 - ’] 

iip 


(6,44) 
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0 


K 


tan 




4 

'4 


kj-d+Xg/Zo)] ^-1 


. -I (I.x|/z2)2 


(6.45) 


Lj.= 10 log^Q 


”^3* ^ 

^ r 1 

pp/Xp+(l-Z^/Xy) 

2 




Lj^=10 log^Q 


where = 


r Rp 

^3-4 


] 


S~* ^ ^ ’'‘^R^^o^ 


R 


K 


R 


R 




3*X 


■R 


Z 


(Z^/Xj,+X^^/z2) 

rpi^ip" 



(6.47) 


Figures 6.7 and 6,8 show the variations of phase deviations 
and insertion loss as a function of Rj,/Xp and 


6,3 EFFECT OF MISMATCHED DIODES 

If the diodes connected to the coupled ports of the 
hybrid are not matched, reflections V2 13 

coupled ports of the hybrid become unequal. All the diodes 
used in phase shifter circuits are not always characterized 
individually. They are usually matched within the manufacturing 
tolerances. In this section, the effect of unequal F's on 
phase shifter performance is discussed. 
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The reflection and transmission coefficients of the 
phase shifter using ideal hybrid = 0, = 


S 


31 


1 / /r and 


0(^21 ) I = 90 °) with ports 2 and 3 
terminated in reflection coefficients T2 written 

as (using Eqn. ( 2 . 7 )) 


’lip 


- 

~ ^21 


^2 ^51 


^4ip “ ^i4p - ^21 (r2 + r^) 


( 6 . 48 ) 


( 6 . 49 ) 


where ^2^ and 8^^ are the scattering parameters of the hybrid 

and and are 

11p 4 lp 

of the phase shifter. 


and and are the reflection and transmission coefficients 


The effect of variation in r is studied on both and 

S41P of the phase shifter. Since, r's are complex, they may 
differ in phase and/or amplitude. 


6 . 3.1 E ffect on the Reflection Coefficient of the Phase Shifter 

This can be either due to difference in phases of r or 
due to differences in amplitudes. These are discussed 
separately. 




Let 


Consider the case lr2l= 1^3! ~ '' ZT 2 ^Zr3* 


r 2 = I fal ^ ^302 ( 6 . 50 ) 

rj = iFjl '<*> 
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where is the difference in phases of 

Substituting for V ^ and from Eqns- (6 
into Bqn. ( 6 . 48 ), we get 
200 


§. 


1 1P 


32©, 


32©, 


+0 5 0 


e 


+ e 


^2 aad 

♦50) and (6.51) 


( 6 . 52 ) 


j 

where ©2 "^he phases of 82 ^ and 8 ^^, respectively. 
Values of ©2 and ©^ would depend on the type 01 hybrid used. 
For the most common quadrature hybrids these are as follows: 


(i) For two-branch hybrids, we have ©2 = -90° and ©^=-180°. 

(11) For parallel coupled hybrids, we have ©2 = -90° and 

©^ = 0 °. 

(iii) And for three-branch hybrids, we have ©2 = -180° 
and ©^ = -270° . 

Substituting the values of ©2 and ©^ for the above 
hybrids' into Bqn. (6.52), we get in all the above cases 


30' 


®iip = 
Hence, 


[ +1+0' 


±j60 


Nnp “ 5 J {co6e,0 -1)^ + sin^60 


(6.55) 


(6.54) 


From Bqn. (6.54), VSWR of the phase shifter can be calculated 
as a function of 60. 




Assuming, 



Lx 2 ~ 

e^^ and 


and 


^2 ^ 


j r 
i 3 



, let. 
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Substituting these into expressions for S, . (Eqn. (6.48)), 

I I ^ 

we get 


= 1 

IIP 2 ® 


^ j 2 


+ e^^S I r. 


(6.55) 


Substituting for the values of ©2 and ©^ for the most common 
quadrature hybrids, we get 


S 


,00 


iip 


lip 


_ II 






- 

/I '2 

' ±1^3 





- I ^ 2 ! 




and 


(6.56) 


VS¥R of the phase shifter can now be evaluated as a function 

of ± (| TjI -) r,! ). 

6 . 3 » 2 Effec t on the frans mission Coefficient o f the Phase Sh i fter 

Inequali ty__in lRases_of _ rj.s_ 

Substituting the values of r 2 and given by Eqns. 
( 6 . 50 ) and (6.51) into the equation for the transmission 
coefficient of the phase shifter (Eqn. (6.49)), we get 

0 (©P+©,) D0p 

^ e ^ e 

'41P 2 

Substituting the values of (©p ■*" © 3 ) the common 

quadrature hybrids, we get 

3 ( 02 + ^/2 + Hf2) 


S 


1 "f e 


± 3 501 


(6.57) 


^41pP cos( 60 / 2 ) , e 


( 6 . 58 a) 


^41 pR cos(<S0/2) . e 


3(00+ A0 + Tr/2 + 50/2) 


( 6 . 58 b) 

Prom Eqns. (6.58a) and (6.58b) the magnitude of transmission 
coefficient is given by 
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I ^41pJ' ^ ~ I ^41 pR^ ~ cos(+ 6 0/2) (6.59) 

And the maximum value of differential phase error is given, 
by + 50, 


Inequality in Magnitudes of r’ s 

Substituting, Tg and | T- 

in fiqn. (6.49), we get, 


.30 


for Tg aJid Fj 


S 


41 pR 


[£2 I lJj[2. 3(02ltT/2) 


S, 


^2\ 


rJ o(02+ ^ 0 ± 1^/2) 

. 0 


(6.60a) 


(6.60b) 


^41 pR 2 

% 

From Eqns. (6.60) we note that the differential phase shift is 
independent of differences in magnitudes of r 2 and F^. 

Magnitude of the transmission coefficient is given 1:^ 

MFoI+I F, 


‘^41pF f^41pR 


21 " I 


(6.61) 


hence 


Ideally, and should each be unity and 

r 2 1 + 1 F^l should be equal to 2.0. When diodes are 
lossy both r 2 l and j F^j may be less than unity each. Prom Bqn, 
( 6 , 61 ) we note thw t loss due to inequality in magnitude depends 
on how far the sum (jr 2 |+ ) is different from 2.0 and 

is not an explicit function of jr 2 l ~ | F^ . If we assume, 

F^ = (1 - ^r^) and F^ = (1-AF^), then Bqn. ( 6 . 61 ) can be 
rewritten as 

. 2 - ( A rc> + A F^) 

Is 


41 pR' 


^41 pR ^ “ 


(6.62) 
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J}he resulting insertion loss of the phase shifter in 
this case is plotted as a function of 2 -(jr 2 j+ Irjl) in 
Fig, 6.9(c), 

Figures 6, 9(a) and (b) show the plot of phase shifter 
characteristics as a function of phase and amplitude difference 
in r’s. Maximum differences in the phases of r considered 
are + 10° while in amplitudes the maximum difference is 0.05. 

An inequality in the phase of r‘s of +6° gives input 
VSWR of the phase shifter as 1.11, phase error as +6° and 
insertion loss to be 0.012 dB. Inequality in amplitudes of 
of 0.03 leads to VBWS. of 1.03» but there is no phase error due 
to this amplitude difference. Figure 6, 9(c) shows the plot 
of insertion loss of the phase shifter as a function of 

2 - ( Ir2|+ ir^l). 

6.4 DISCUBSIOHS 

The results presented in this chapter are useful in 
specifying the tolerances required in diode parameters for the 
specified phase shifter performance. Some of the significant 
conclusions that may be drawn are as follows. 

1 , We observe that 90° phase bit is most sensitive to 
(mainly diode capacitance) variations. Hence tighter 
tolerances in diode capacitances are needed for 90° bits 
than for 180° bits. Stub type transfoiming network is 
found to be less sensitive than transformer type network for 
diodes having small capacitance. 
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Effects of forward bias and reverse bias resistances of the 
diode on the phase shift are small as compared to tho^ of 
reactances. Hence, the design equations arrived at by 
considering the lossless diodes (Chapter 4) may be used 
for the lossy diodes also. 

It IS to be noted that the phase deviations and loss 
variations as a function of depend much on 

the diode reactance ratio 

Phase shifter performance using mismatched diodes is more 
sensitive to variations in phase of r’s than their magnitudes. 
Phase of r depends on diode reactances. Piode capacitance 
varies the maximum from piece to piece in a production run. 
Hence, diode capacitance is the most important parameter 
which should be matched in selecting diodes. 
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Performance of the phase shifter circuits described in 
Chapter 3 and 5 had been eyaluated without considering the 
effect of discontinuity reactances. Depending upon the 
substrate height, the dielectric constant and the frequency of 
operation, effect of discontinuity reactances can be signi- 
ficant. If the characterization of these discontinuities is 
available, their effects may be compensated either by analytical 
methods or by computer optimization. The later approach is 
used in the present investigations. 

In this chapter, the effect of discontinuity reactances 
on 180° and 90° bits using two-branch normal hybrid and 
two-branch impedance transforming hybrid with suitable trans- 
forming networks is discussed. Pattern search, a direct search 
strategy of Hook and Jeeves has been used for compensation of 
these discontinuities and later for optimization of phase 
bits (both 180° and 90°). Experiments carried out to verify 
optimized results are also described, A good agreement 
between the optimized and experimental results is achieved. 

7.1 EPPEOT OP DISCONTINUITY REACTANCES ON PHASE SHIFTER 
PERFORMANCE 

Two types of phase bits have been analyzed for studying 
the effect of discontinuity reactances. These are: a 180° 
phase bit using two-branch hybrid and stub type transforming 
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network* and a 90° bit using two-branch impedance transforming 
hybrid. In these circuits two types of discontinuity reactances, 
namely, open ends and T-3unctions, are encountered. 

7 . 1.1 Discontinuity Reactance Characterization 

Characterization of microstrip discontinuities is well 
documented in literature [ 38-43] ♦ However, for continuity of 
the present discussions, results for the open-end and the 
T-junction discontinuities are summarized in this section, 

A microstrip open end and its equivalent circuit [38] 
are shown in Pig. 7.1. The equivalent circuit is represented 
by an excess capacitance (T'ig* 7.1(b)) which can be 

modelled by an equivalent length of transmission line, , 

as shown in Pig. 7.1(c). An empirical expression for 
has been obtained by Hammerstad and Bekadal [ 39] as follows 



0.412 


^re ^ ¥/h -f 0.262 

:: 0.258” * W/h + 0.813 


(7.1) 


This closed-form expression gives maximum relative 
error (compared to empirical formula of Silvester and 
Benedek [38] ) of 8.7/o for e^. = 1 and for > 1 the maximum 

relative error is 2.4?^. 


Various equivalent circuits have been proposed for 

characterization of a microstrip T-3unction [ 39-42] . Th 
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representation given by Hammerstad and Bekkadal [59] has been 
of most practical use and is considered in the present 
discussions. The T-^unction equivalent circuit is shown in 
Tig. 7.2 and the various parameters are as follows: 


7^ _ 1 20 TT h ^ 

^ •^ere^.Z^ 


120iTh 


/Ereo.Z 


2 * 2 


n = 


_ 2D Z. 
sin(^ . - — • ^ ) 

— 5s;; — 

2_ . 1 ^ -1 


d 


1 _ A AC Zl 


D2 - 0.05 . n 


D, 


= 0 . 5 - 0.16 


1+(2D^/ X g ) -2 ^tn(Z^/Z2) 


X g 


-(1-2D^/ Xg^) . 2^ , Zi/Z2 ^ 0.5 


1 = ^ 


(1-2D^/ Xg ) (5.^ “ 2), Z^/Z2 > 0.5 


(7.2) 

(7.3) 

(7.4) 

(7.5) 

(7.6) 


It has been pointed out [39] that Eqns. (7.2) through 
(7.6) give good results except for Z^/Z 2 > 2 where the 
calculated values of d 2 /B^ are too high. In this range a 
better value for d 2 is obtained by replacing Z^/Z 2 with 

Z 2 /Z 1 . 
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We see from Pig. 7« 2 (a), that d 2 Is the shift in. reference 

plane of the shunt branch, is the shift with respect to lower 

edge of Di , and is shift of reference plane with respect 

to lower edge of miorostrip. Expressions for d^ and ij can be 
easily written as 


and 


"2 


I)./2 - d, 


d 




(7.7) 

(7.8) 


7.1.2 Phase Bit U sin g Two -Br anch Hybrid and Stub- Typ e 
NetwoiFTl80° bit F 


Figure 7.3(a) shows the configuration of phase bit of 
this type. As discussed earlier in Chapter 4, coupled ports of 
two-branch hybrid are connected to the transforming network 
of single stub type and PIN diode. It is to be noted that the 
line lengths in the main branch of the T- junction (e.g. Xg m 
the figure) are measured from the centre of the 3 unction and 
the lengths in the shunt branch (e.g. Xg sire measured 

from the microstrip edge. 


The equivalent circuit of this phase bit including 
3 unction reactances is shown in Pig. 7.3(b). The plane 
represents the plane of symmetry. Blocks labeled 'T- 3 unction’ 
represent the equivalent circuit of the 3 unction (similar to 
Fig. 7.2) formed by the transmission lines of given impedances. 
Corresponding T- 3 unction parameters are also indicated in 
the figure. Other blocks represent the corresponding trans- 
mission line lengths and impedances. The block at the 
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extreme left represents the diode impedances ard in 
the two bias states* 

Analysis of this circuit using ounction reactances 
IS carried out by using even/odd mode symmetry and ABGD 
matrices. Ihis procedure is similar to that followed in 
Chapters 3 and 5« Parameters of the diodes used for this 
circuit were measured at 2.1 GHz. Pigure 7.4 gives the 
equivalent circuit of the diode in the two states along with 
the measured values of the parameters. 

Performance of the phase bit with and without disconti- 
nuities is shown in Pig. 7.5. We observe that the parameters 
VSWR, loss and of the phase bit exhibit a frequency shift 
due to discontinuity reactances. VSWH and insertion loss 
performance has shifted towards higher frequency for both the 
bias states. Differential phase shift is found to have value 
of 190° instead of the designed value of 180° at 2,1 GHz. We 
note that the effect of discontinuities is significant for all 
the three performance characteristics. Phis brings out 
clearly the necessity of considering the effects of disconti- 
nuities in the design. 

7,1,3 Phase Bit Using Pwo-Branch Impedan ce Transformi ng 
Hybrid "“and Length of Line T90° BitT ~" 

Figure 7.6 shows the phase bit using two-branch 
impedance transforming hybrid. This hybrid performs the 
required impedance transformation to achieve the desired 
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phase shift from nonideal diodes (Chapter 4). Diodes are 
connected to the coupled ports of this hybrid through a 
suitable length of transmission line. 

Equivalent circuit of this phase bit including 3unction 

reactances is shown in Eig. 7*6(b). This circuit has only 

T-junction discontinuities. It is to be noted (Eig. 7*6(a)) 

that, Z. and are different, a aiid A are not 

equal, hence the shunt branches of impedance Z2 are not 

at right angles to the main branch of impedance Z^. But in 

practice, A and a are very nearly equal and their effect on 
Si §5 

the shunt branch is negligible* In a typical case, if 
Z* = 50 ohm and Zv = 82.2 ohm, the ratio X / X = 0.9926 

* ^ S-j 

(for substrate dielectric constant of 2.55 and height of 0.0625 

inches) and the difference in twox’s is about 0.075 cm. 

s 

Analysis of this circuit is also carried out using 
even/odd mode symmetiy and ABCD matrices. Equivalent circuits 
of PIN diodes (in two bias states) and the measured diode 
parameters given in Pig. 7.4 are used. 

Figure 7.7 depicts the performance of the phase bit 
with and without discontinuities. In this case also, the 
YSWR and loss characteristics shift towards higher frequency. 

2.1 GHz IS the centre frequency when discontinuities are not 
considered. Differential phase shift is found to have value 
of approximately 86° instead of 90* at the centre frequency 


of 2.1 GHz 
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The significant deterioration in the performance of 
the phase bit (Section 7.1) has been attributed mainly due to 
the junction reactances. Compensations for these discontinuity 
reactances of the hybrids used for 180° and 90° bits are 
discussed in this section. This compensation is carried out 
by optimization of the hybrid, A direct search method 
described by Hook and Jeeves [ 44] called pattern search has 
been used in the present investigation. Optimization of normal 
3 dB branch guide couplers taking into account dispersion, 
coupling and discontinuity reactances are given in 
^ [ 45 ] . Optimization of the hybrid is desirable since it 
provides the initial starting value (base point) while optimi- 
zing the complete phase bit. Two hybrids considered for 
optimization are: (i) two-branch normal hybrid and (ii) two-branch 
impedance transforming hybrid. 

7.2.1 Optimization By Pattern Search 

Iterative modification of circuit parameters in order 
to achieve a given objective (i.e. to meet a set of given 
specifications) is termed as optimization. Methodp of 
optimization developed for other diciplines are useful for 
the design of microwave circuits also. These methods can 
be classified in two groups 46 ] : Gradient methods and 
Direct search methods. In the gradient methods, information 
about derivatives of performance functions (with respect to 
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designable parameters) is used for arriving at the modified 

set of parameters at each step in moving towards the optimum 

solution. Direct search methods, on the other hand, do not 

use gradient information and the optimization is carried out 

hy searching for the 'optimum' solution in a systematic 

manner- Direct search strategies are simpler to use than 

gradient search techniques for the problems involving less 

less 

number of variables, and require [_ computing time in function 
evaluation. A direct search method of Hook and Jeeves has 
been used for optimization and is discussed in this section. 

A typical flow diagram for optimization procedure is 
shown in Dig. 7.8. The performance of the circuit to be 
optimized is evaluated by computer-aided circuit analysis 
program. Numerical models for various components used in a 
circuit are called from the library of subroutines developed 
for this purpose. Circuit performance thus obtained is 
compared with given specifications. If the results -fail to 
satisfy the desired specifications the designable parameters 
of the circuit are altered in a systematic manner. This 
constitutes the key step in computer-aided design. The 
sequence of circuit analysis, comparison with desired perfor- 
mance and parameter modification is performed iteratively 
till the specifications are met. 

The pattern search method of Hooks and Jeeves [44] 
makes two types of moves. The first type of move is called 
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exploratt)ry move and the other is pattern move. Exploratory 
moves do the local searching around the base point. Pattern 
direction is the probable direction for a successful! move. 
Each pattern move is followed by a sequence of exploratory 
moves which continually revise the pattern. 

The strategy consists of using an exploratory search 
along the coordinate axes from a base point, in order to 
determine the direction in which minimum lies. A pattern 
move is then made along the direction selected by a successful 
exploratory move, in the hope that the previous success will 
be repeated. When a pattern move and subsequent exploratory 
moves fail, the parameter increments are reduced and the 
whole procedure restarted at that base point. The search 
terminates if the increments fall below preecribed values. 

An algorithm and the flow chart for this method are given in 
Appendix A. 

7.2.2 Two-Branch Hybrid 

Pigure 7.9 (inset) shows a layout of the two-branch 
hybrid. Note that ihe output lines are in continuation of 
branches of 50 ohm impedance. This arrangement gives rise 
to only symmetric T-junction for which characterization is 
available. The equivalent circuit of the T-junction used is 
the one given by Hammerstad and Bekadal [59] • A method for 
compensating T- junction reactances in microstrip couplers is 
described by Vogel [47] . 
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The equivalent circuit of the hybrid including 
T-Ounction IS similar to that shown in Fig. 7.3(b). Analysis 
of the hybrid is carried out by using even/odd mode symmetry 
and ABOD matrices. 

In the present study three parameters , Z 2 and H 2 
are considered as vari able s( Fig. 7*9 (inset)). The impedance 
of the branch (main arm) is not kept variable, otherwise 
the T- 3 unction formed would become asymmetrical. 

The error function chosen in this case is of the 

form: 

r f 2 

Error Function (EF) = ^ I 

' f 

1 

+ ¥2 ( I I - 1 / /2)^+W3( I - 1/1^2)^ (7.9) 

where , 

E IS the number of frequency points ,f^ and f^ are the 
initial and final frequencies andW ^,¥2 and ¥j are weighting 
factors. 82 ^ and are the scattering parameters 

of the hybrid. 

Results are presented for the hybrid on Rexolite 
substrate ( = 2.55), substrate thickness h = 0.159 cm 

(1/16 inches). Hybrid is optimized in the frequency range 
of 2.0 to 2.2 GHz with the centre frequency of 2.1 GHz. 

Nine frequency points are chosen in this frequency range. 
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The weighting factors , ¥2 and ¥^ are all assumed unity. 
The initial and the final parameters values are given in 
Table 7.1 . 

TABLE 7.1 Parameter values in the optimization of 
Two-branch hybrid. 


Parameter 

Initial 

Pinal 

^1 

90° 

92.280 

Z 2 

35.35a 

33.4 a 

^2 

90° 

96.5° 


Eigure 7.9 and 7.10 show the plot of hybrid performance 
with and without junction reactances and the optimized one. 

¥e see from these plots that the performance of the optimized 
circuit very well matches with the performance of the hybrid 
without discontinuities. It is to be noted that the V»3¥R and 
the isolation achieved from the optimized circuit (off the 
centre frequency) are better than those of the hybrid without 
T- junction reactances. These results are summarized in 
Table 7.2. 
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TABLE 7.2 YS¥R and Isolation for two-Brancli hybrids 


Brequency 

(&Hz) 


Ysm 


ISOLATION (dB) 


Ideal* 

With 

Discon- 

tinuties 

Opti- 

mized 

* 

Ideal 

¥i th 

Discon- 

tinuties 

Optimized 

2.0 

1 .199 

1 .423 

1.183 

21 .06 

15.92 

21.61 

2.1 

(centre 

frequency) 

1 .006 

1 .21 1 

1 .019 

50.11 

20.66 

48.51 

2.2 

1 .199 

1 .085 

1.173 

21 .06 

25.90 

22.15 


^Circuit with discontinuity reactances ignored. 


7.2.3 Impedance Transf orminiS: Hyb r id,. 

Eigure 7.11 (inset) shows the layout of the two-branch 
impedance transforming hybrid. In this case also, only 
symmetrical T- junctions are formed. The equivalent circuit 
of the hybrid including T- junction is similar to that shown 
in I'lg. 7.6(b) but without the diodes and line length 
Analysis is carried out by using even/ odd mode symmetry and 
ABCD matrices. 

In this case also three parameters 2.^, ^'2 

considered as variable (Big. 7.11 (inset)). The error function 
considered in this case also is given by Bqn. (7.9). 

Bigures 7.11 and 7.12 show the plot of hybrid performance 
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with and without discontinuity reactances along with -the 
optimized results. In this case also, a rexolite substrate 
with Cj, = 2.53 and height h= 0.159 cm is considered. The 
hybrid is optimized in the frequency range of 2.0 to 2.2 GHz. 
Plots in Pigs. 7.11 and 7*12 show that the performance of 
the optimized hybrid is better than the performance of the 
ideal hybrid (i.e. without junction reactances). Performances 
of the hybrid before and after optimization are summarized in 
Table 7.3. Values for ideal hybrid without discontinuities 
are also indicated. The process of optimization does more than 


TABLE 7.3 VS¥R and Isolation for two-branch impedance 
transforming hybrids (50n to 82.2 n) 


Prequency 

(GHz) 


Ysm 


IbOLATIOtTdBT" 


Ideal 

With 

Discon- 

tinuities 

Optimi- 

zed 

Ideal 

With 

Discon- 

tinuities 

Optimi- 

zed 

2.0 

1 .172 

1 .288 

1 .166 

21 .89 

18.03 

22.16 

2.1 

1 .006 

1.110 

1 .007 

49.51 

24.78 

48.02 

2.2 

1.172 

1 .082 

1.155 

21 .89 

29.42 

22.68 

compensating for 

junction reactances. 

Table 

7.4 gives 

the 


initial and final parameter values for impedance transforming 
two-branch hybrid. 
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TABLE 7.4 Parameter values in the optimization of 
two-branch impedance transforming hybrid 
(50 a to 82.2ra ) 


1 arameter 


Initial Pinal 


£l 


Hz 


goo 

45.35 

90° 


80.18° 

45.76 fl 
94.8° 


7.3 OPTIMIZATION OP PHASE SHIFTER CIRCUITS 

As pointed out in bection 7.1, the effect of junction 
reactances on phase shifter performance is significant. 180° phase 
bit using two-branch hybrid and single stub type transforming 
network is found to have differential phase of 190°, while 90° 
bit using two-branch impedance transforming hybrid has differen- 
tial phase of 86° at 2.1 G-Hz. Compensation of hybrid discontinui- 
ties by the process cf optimization has been discussed in Section 
7.2. When the optimized hybrid and the transforming network 
designed at the centre frequency are put together to make the phase 
shifter, the performance of the phase shifter still deviates from 
the desired one due to junction reactances in the transforming 
network. Once these junction reactances are compensated for, 
desired phase shift is obtained at the centre frequency, 
ierformance of the phase shifter at frequencies away from 
the centre frequency, would depend upon the type of hybrid 



232 


and phase shift network used. By optimizing the parameters 
of the phase shift network broader bandwidth of the phase 
shifter can be achieved. It has been observed that instead 
of optimizing phase shift network alone, if both hybrid and 
phase shift network parameters are made variable and the total 
phase shifter circuit is optimized, a better optimum perfor- 
mance IS achieved. Both 180° and 90° bits described in 
Section 7*1 have been optimized in this manner. 

Not many previous reports on CAD of PIN diode phase 
shifters are available* Only one reference [48] , that has 
been spotted by this author, gives brief results for optimi- 
zation of a 3~bit phase shifter using 180° and 90° reflection 
type bits which consists of two-branch hybrids and single 
stub type of transforming networks# 

7*3.1 180° Phase Bit Using Iwo-Branch Impedance Irans forming 
Hybrid and Btub 'lype Network 

figure 7.3(a) shows the layout of this phase bit. Opti- 
mization of the phase bit is carried out in two steps. First 
hybrid is optimized with respect to parameters 2,^ , and ^2 
(Pig. 7.9) ,and then whole phase shifter circuit is optimized 
with additional parameters 2^, 2^ , 2^ and (Fig. 7.3(a)). 
Optimized hybrid parameters are used as the starting point 
for phase shifter optimization. 

The error function chosen in this case is of the 


form 
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EF = 


1 

f 


+ K 

+ K 


3 

5 


( A0 - A0^)2+K2( j S^^jl - IS^^J)2 

( IS4,p l-|S^,J f +^6(1^4,51 -I S4I0I 


■where t 


(7.10) 


^ ^1 1 of 0.0 and |— 1.0. 

Subscripts F and R represent the forward and the reverse 
bias states, respectively, of the diode. K^,Ji 2 »***Kg 
are the weighting factors. 


Results are presented for the phase bit (180° bit) using 
rexolite substrate ( Cj, = 2.53) of height, h = 0.159 cm. It is 
optimized in the frequency range of 2.05 to 2.15 OHz (approxi- 
mately 5% bandwidth, which is expected from this circuit as 
discussed in Chapter 5). Eleven frequency points have been 
taken for evaluating error function given in Eqn. (7.10). The 
numerical value of A0 is 180° and the values of 

other scattering parameters are less than unity .The weighting 
coefficient is taken as unity while all other have a value 
of 1000. This would try to limit phase error to about + 3° 
when 8 parameters are within 0.1 of the nomial values. Equal 
emphasis is given to reflection and transmission coefficients 
and also to the equalization of these coefficients in two 
bias states. The initial and final parameter values in an 
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optimization run are given in Table 7^5. i 


TABLE 7.5 

Parameter values in 
phase bit. 

the optimization 180° 

Parameter 

Initial 

Final 

^1 

92.28° 

90.15° 

^2 

33.4 a 

33.4 n 

^2 

96.5° 

98.25° 


45° 

50.87° 

^4 

53.58° 

58.01° 

‘5 

27.42° 

24.92° 

^5 

50.0 S? 

51.75 n 


Figure 7.15 shows the plot of phase shifter performance 
for the two cases. The dotted curves are for the case when 
optimized hybrid and unoptimized phase shift network are used. 
The continuous curves are when both hybrid and phase shift 
networks are optimized. Line losses are considered negligible 
for these calculations. ¥e observe that the phase variation 
has been reduced by optimization (Fig. 7.13). Optimized bit 
gives equal Vb¥R in the two states. Loss is not equal in the 
two diode states (F.B. and R.B.), but the values come closer 
to each other in the optimized circuit. Table 7.6 summarizes 
the performance of the phase bit with optimized hybrid, and 
with optimized phase shifter. 
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TABLE) 7.6 Performance of 180° bits with, only hybrid, 
optimized and with complete phase bit 
optimized. 


Frequei 

(GHz) 


VSWR 


PHASE ERROR (DEG.) 

Optimized 

Hybrid 

Optimized 
phase bit 

Optimized 

Hybrid 

Optimized 
phase bit 



E,B. 

F.B. 

R.B, 



2.05 

1 .207 

1.148 

1 .1 63 

1.165 

+0.81 

-0.60 

2.10 

1 .029 

1 .008 

1 .006 

1 .007 

+6.15 

+0.72 

2.15 

1 .145 

1.172 

1 .160 

1 .158 

+8.46 

-1.3 


7.3.2 90° Phase Bit Using; Two-Branch Impedance Transforming 
Hybrid "with Length of Line ” 

Figure 7.6(a) shows the layout of this phase bit. As 
for the case of 180° bit, in this case also hybrid is optimized 
first and then the total phase shifter with additional 
parameter is considered. Optimized hybrid parameters are 
used as the starting point for optimization of the total 
circuit . 

The error function chosen in this case is similar to 
Eqn. (7,10). The weighting factor K.| has a value of 0.5 as 
compared to unity for 180° bit while others are same. This 
bit is optimized in the frequency range of 2,03 to 2.17 GHz 
(approximately 7% BW, expected from this phase bit as discussed 
in Chapter 5). Fifteen frequency points were chosen for the 
evaluation of the error function. Table 7.7 gives initial and 
final parameter values in an optimization run. 
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Figure 7»14 shows the plot of phase shifter performance. 
The dotted curves are for the case when the optimized hyhnd 
and unoptimized phase shift networks are used. The continuous 
curves are for the case when complete phase shifter is opti- 
mized. We observe that there is not much difference between 
the optimized and unoptimized performance. The reason being, 
the transforming network used in this case is a single line aid 


TABLE 7.7 Parameter values for 90® phase bit 


Parameters 

Initial 

Pinal 

Al 

90.18® 

93.54® 

22 

43.76 n 

44.22 a 

^2 

94.8® 

91 .87® 


17.0® 

22.48® 


does not have any other discontinuities. Table 7.8 summarizes 
the performance of this phase bit with optimized hybrid and 
with complete phase bit optimized. 

7.4 BXPBRIHEITS USING OPTIMIZED DESIGN 

In order to verify the improvement in the circuit 
performance resulting from the optimization, experiments 
have been carried out on two phase shifter circuits. 180® and 
90® phase bits using microstrip transmission lines have been 
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TABLE 7.8 Performance of 90° bits with only hybrid 
optimized and with complete phase bit 
optimized* 


Frequency 

(GHz) 


7S¥R 


PHASE ERROR (DEG.) 

Optimized 

hybrid 

Optimized 
_p^hase bit 

Optimized 

hybrid 

Optimized 
phase bit 


F.B. 

R.B. 

F.B. 

R.B. 

2.05 

1.113 

1 .1 15 

1.115 

1.089 

+2.68 

0.19 

2.10 

1 .005 

1 .003 

1 ,000 

1 .003 

+0.77 

-0.76 

2.15 

1.117 

1 .083 

1 *127 

1 .070 

+0.03 

-0.57 


fabricated on Rexolite substrate ( = 2.53) of height 

0.159 cm (l/l6 inch). Hewlet Packard PUT diodes (HP 3041 ) 
in stripline package are used. Diodes are characterized by 
measuring their impedances in the forward and reverse bias 
states using Network analyzer (HP 8410). Diode is mounted at 
the end of the microstrip line and is biased through a bias 
network HW-30N (Microlab/PXR) . Forward bias of 20 ml and 
reverse bias of zero volt is applied. By measuring return 
loss and phase, diode impedance can be calculated. Considering 
the equivalent circuits of the diode in the two states as 
shown in Fig. 7.4 » diode parameters can be evaluated. These 
measured values for diode parameters at 2.1 GHz are given 
in Figure 7.4. 
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7-4.1 180° Phase Bit 

The optimized results for this phase bit are shown in. 

Figure 7*13 and the corresponding parameter values are given 

in Table 7-5- These results are for zero line loss ( «=0.0 dB/X ) . 

Figure 7-15 shows the layout for this phase bit along with 

various dimensions listed. Circuit with these dimensions 
was fabricated and its performance measured using the 

Network Analyzer (HP 8410), 

Figure 7.16 shows the plot of experimental and 
theoretical performance of this phase bit* We observe from 
these plots that the experimental results are shifted towards 
lower frequency side. One of the possible reasons for this 
shift could be the tolerance in the dielectric constant of the 
substrate. It has been found that the theoretical and the 
experimental results agree well if gy is taken to be 2.7 
instead of 2.53 (Fig. 7.17). This value is within the 
specified tolerance (2.53±0.2) of the dielectric constant [45]- 
Figure 7.18 is the photograph of this phase bit. 

7.4.2 q0° Phase Bit 

Figure 7.14 shows the optimized results for this 
phase bit and the corresponding parameter values are given 
in Table 7.4. Figure 7.19 shows the layout and the 
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Fia. 7.18 PHOTOGRAPH OP OPTIiyilZBD 180° PHASE BIT. 













Pia. 7*22 PHOTOGRiPH OP OPTIMIZED 90° PHASE BIT. 
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physical dimensions for this phase bit. Performance of 
the fabricated circuit was measured using INfetwoife inalyzer. 

Figure 7.20 shows the plot of experimental and 
theoretical results for = 2,53. In this case also the 
experimental results agree with the theoretical results 
when Ep value is taken as 2.7 (Fig. 7.21), Both these 
circuits (180° and 90° bits) were fabricated from the same 
sheet of the substrate. Figure 7.22 is the photograph 
of this phase bit. 
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CHAPTER 8 
CONOLUSIOH 


8.1 SUMMARY OP RESULTS 


Investigations reported in this thesis are related to 
the design and performance of reflection-type hybrid coupled 
klS diode phase shifters. These phase shifter circuits 
consist of three main sub— circuits namely (i) the hybrid, 

(ii) two t ran informing networks connected to the two coupled 
ports of the hybrid and (in) two PIN diodes connected at 
the far ends of the two transfoming networks. The effect 
of each of these components on the phase shifter perfoimance 
has been studied. 


The effect of hybrid parameters on the performance of 
reflection-type phase shifters is found to be significant. 

The most important hybrid parameter is directivity (and hence 


input VSWR) * It IS found that a directivity of 20 dB in a 
90“ hybrid can cause, in the worst case, an input VS¥R of the 
phase shifter to be 1.56, an insertion loss of 0.215 dB and 
a phase error as high as + 22.8°. 1.0 dB inequality in the 


amplitudes of signals at the coupled port of the hybrid can 
increase input YSVR of the phase shifter to 1.26. Phase 
error (0 ) of the phase shifter is independent of the 
amplitude oouplung. Phase error oi 10» in the coupled signals 
of the hybrid can give rise to an input ¥S¥li of 1 .42. 
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The study of the effect of variations in diode 
parameters on phase shifter performance is useful in speci- 
fying the tolerances in diode parameters for given perfor- 
mance characteristics, Sensitivities of differential phase 
shift ( A 0) with respect to diode reactances for 180° and 
90° phase hits have been evaluated for the three types of 
transforming networks. It is observed that the 90° phase 
bit is most sensitive to reverse bias reactance of the 

diode. For 180° phase bit using quarter wave transforming 
network or impedance transforming hybrid, sensitivities 
with respect to X^, and are equal in magnitude. As an 

example, for a 180° phase bit with a diode having = -60, 

the sensitivity of A0 with is -0,08 and the corresponding 
value of the sensitivity of A0 with for 90° bit is 0.64. 
Hence tighter tolerances in diode capacitances are needed for 
a 90° bit than for a 180° bit. The effect of diode resis- 
tances on the phase shifter performance has been studied 
quantitatively. It is observed that the effect of diode 
resistances Rp and Rp on the phase shift is small as compared 
to that of the reactances. Hence, the design equations, 
derived by ignoring diode losses, may also be used for 
lossy diodes. 

Ihase shifter performance using mismatched diodes is 
more sensitive to variations in the phase of reflection 
ooeffioiant (r) of the phase shift network, than those in 
their magnitudee. If ± «0 is the phase difference between 
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the two reflection coefficients ( jj ^ ), then the 

maximum phase error (0^) of the phase bit is also + 50. The 
effect of differences in magnitudes of r's does not affect 
the phase error of the phase bit. 

Performance of phase shifters using ideal 180° and 90° 
switches allows one to study phase shifter circuits independent 
of the PIN diode characteristics and thus enables one to 
investigate the limitations in performance imposed by the 
characteristics of the hybirds. Por this study three types 
of moderate bandwidth hybrids and two types of broad band 
hybrids have been considered. Results of this study point 
out the need of designing the transforming networks such 
that the impedances seen by the hybrid in the two bias states 
of the diode are placed symmetrically on two sides of the 
X = 0 axis on the Smith chart. Por 180° phase bits using 
fcwo-branch and rat-race hybrids, this is achieved by inserting 
an interconnecting line length of 3 L = 45° between the 
switches and the hybrid ports. This results in maximum 
bandwidth of the phase shifter. Corresponding line length 
for 90° phase bit is 22.5°* Phase bits using three-branch 
hybrids are found to give maximum bandwidth for 3L = 0° . 
por circuits using ideal switches, the values of bandwldths 
(0 < +2.5° and VS¥R;<: 1.2) for 180° bit using two-branch, 

three-branch and rat-race hybrids are 57°f 10.57» and 10.2%, 


respectively 
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Design of phase shifters using nonideal diodes is 
essentially the design of the transforming network to achieve 
the desired phase shift at the centre frequency, and minimum 
phase error over the band of frequencies. Closed form design 
equations are derived for the design of three types of trans- 
forming networks namely (i) single line length (to be used with 
impedance transforming hybrid) (ii) quarter wave transformer 
and (ill) a single stub. 

Performances of phase shifters using three types of 
transforming networks with two-branch, three-branch and rat-race 
hybrids are evaluated. Bandwidths for various designs have 
been computed for two specifications of bandwidth and for 
wide range of diode reactances. Insertion loss for the above 
designs have also been calculated. It is observed that in 
most of the cases, wide bandwidth is obtained when is large 
and IS small i.e. for 'high L-C diodes. Circuits using 

two-branch impedance transforming hybrid give lowest loss as 
compared to other circuits considered. This is probably due 
to shorter line lengths required in this case. The size of 
this circuit is also minimum because of the same reason. 

'There is a significant effect of microstrip disconti- 
nuity reactances on the phase shifter performance. A 180 
phase bit using two-branch hybrid and single stub type of 
transforming network on rexolite substrate ( - 2.53 and 
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and h — 0.0625") gives a differential phase shift of 190® 
instead of 180®. Compensation of these discontinuities 
(mainly contributed by T~ junctions) is carried out by an 
optimization process. First, the hybrid is compensated for 
its discontinuities, then the whole phase shifter circuit is 
optimized for discontinuities in both the transforming network 
and the hybrid. It is observed that the optimized phase 
shifter gives slightly wider bandwidth than an ideal circuit 
without discontinuities* Both 180° and 90° phase bits 
(using optimized design) have been fabricated in microstrip 
configuration on Hexolit® substrate (e^, = 2.53). Diodes used 
were characterized experimentally. The theoretical and 
experimental results are found to agree within the specified 
tolerance of the dielectric constant of the substrate, 

8.2 SUGGEBTIONS FOR FURTHER WORE 

Studies contained in this thesis deal mainly with the 
digital phase shifters with moderate and constant phase 
bandwidth (less than 207°). Thus, the transforming networks of 
wide band type such as a double stub, a two-section quarter- 
wave transformer etc. have not been considered. Other 
networks of the type described in reference [ 49 ] » namely, a 
single line length and a X/4 - X /8 transformer need be 
studied for bandwidth, insertion loss and size comparisons. 
Power handling capabilities of these types of circuits have 
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not been reported in literature. A comparitive study for 
various designs mentioned above would be desirable. 

The effect of 90°-hybrid parameters on phase shifter 
performance have been studied in this thesis. Similar 
results for 180°-hybrids (such as rat-race hybrid) are not 
available and need be worked out. 

It has been observed that impedance transforming 
two-branch hybrid coupled phase shifter gives wider bandwidth, 
low insertion loss and minimum size. Similar studies for 
three-branch impedance transforming hybrids and parallel-coupled 
impedance transforming hybrids would be worthwhile. 
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APPENDIX A 

HOOiL AND JEEVBE ALGOEITHM 


This algorithm finds minimam of a multivariable 
unconstrained, nonlinear function; E(X^ ,X2? • • • Ibis 

method assumes unimodal function (i.e. only one minimum in 
the region considered)* If more than one minimum exists, 
several sets of starting values are recommended to get best 
minimum. The algorithm proceeds as follows: 


(1) A base point is chosen and the objective function 
evaluated. 

(2) Local searches (exploratory moves) are made in each 
direction by changing the variable X^ a distance to 
each side and evaluating the objective function to 
see if a lower function value is obtained. 


(3) If there is no function descdecrease the step size 

is reduced and the searches are made from the previous 

best point. 


(4) If the value of the objective function has decreased 
a 'temporary Head', > is located using the tuo 

previous base points X, una 


X 


(k+1 ) 

1,0 


1 1 
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•where , 

1 IS the variable index = 
o denotes temporary head 

k IS stage index (one stage is the end of searches) 

(5) If the temporary head results in a lower function value, 
a new local search is performed about the temporary head, 
a new head is located and the value of I' checked. This 
continues as long as F decreases. 

(6) If the temporary head does not result in a lower function 
value, a search is made from the previous best point, 

(7) The procedure terminates when the difference between 
the current value and the previous stage value is less 
than the specified small number t . 

Flow chart given in Fig, A-1 illustrates this procedure. 
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